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ABSTRACT

Antisocial Behavior and Callous Unemotional Traits in Youth: A Biosocial Approach
By
Yong Lin Huang

Advisor: Yu Gao

Early life presence of antisocial behavior (e.g., aggression/delinquency) and
psychopathic/callous-unemotional (CU) traits (lacking empathy/remorse, shallow affect) are
precursors to juvenile crime and criminal offending in adulthood. Etiological research on
antisocial/CU tendencies has implicated both neurobiological (e.g., alterations in brain function
and structure) and environmental (social adversity, prenatal stress) underpinnings. It has been
proposed that reward and punishment processing deficits may induce problematic traits and
behavior, such that antisocial/CU tendencies may be linked to hypersensitivity to rewards and
hyposensitivity to punishment. Studies in this area have generated inconsistent findings and
focused primarily on adult and clinical samples, leaving youth and community samples
underexplored. Burgeoning evidence has supported a biosocial basis of antisocial/CU tendencies
– neurobiological deficits combine with psychosocial environmental risks to influence its
development. Even fewer studies have investigated the joint effects of brain correlates and
psychosocial environmental influence. This dissertation evaluated the neural and environmental
bases of externalizing and CU tendencies. Adolescents from the community (n = 52, age range =
12-16) and their caregivers came for a 2 part in-person study. At Brooklyn College, caregivers
completed assessments on their child’s externalizing behavior (Child Behavior Checklist;
Achenbach & Edelbrock, 1991) and CU traits (Inventory of Callous Unemotional Traits; Frick,
2004). Information on social adversity and prenatal maternal stress were collected 4 years prior
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at enrollment. Adolescents were then invited to the City University of New York Advanced
Science Research Center for functional and structural magnetic resonance imaging (MRI).
During the fMRI scan, participants completed the modified version of the Monetary Incentive
Delay Task to assess neural activity to rewards and punishments. The overall aims of this study
are trifold: (1) to evaluate whether neural correlates in youth are implicated in the development
of antisocial behavior and CU traits (Aims 1 and 2); (2) to determine if environmental factors are
linked to externalizing/CU outcomes and aberrant neural correlates (Aim 3); and (3) to explore
if environmental risks will moderate the relationship between neural correlates and
antisocial/CU tendencies (Aim 4). In Aim1, we found that CU traits and externalizing behavior
were negatively associated with neural activation in the ventral striatum (VST) in response to
reward anticipation. A similar association was found between CU traits and amygdala responses
during reward anticipation. In Aim 2, we found positive associations between externalizing
behaviors and gray matter volume (GMV) in the caudate/putamen, and a negative association
between callousness and GMV in the amygdala. In Aim 3, we found a marginally significant
effect of prenatal maternal stress on unemotional traits (but not other subscales or externalizing
outcomes). There were no significant associations between environmental and brain variables.
In Aim 4, we found high social adversity and heightened neural response to reward anticipation
in the amygdala predicted higher levels of uncaring and CU total scores. High social adversity
also combined with lower response in the amygdala to punishment anticipation to predict
higher levels of delinquency. Higher prenatal maternal stress in combination with lower
response in the VST during both reward and punishment anticipation was associated with
higher levels of CU traits. The overarching objective of this study is to achieve a more
comprehensive understanding on the etiological basis of antisocial/CU tendencies by
incorporating neurobiological and environmental processes, fostering early identification and
prevention/intervention of disruptive behavioral disorders among those with CU traits.
Keywords: antisocial behavior, psychopathy, neuroimaging, prenatal stress, adversity, biosocial
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Chapter 1: Antisociality, Psychopathy, and Their Etiologies
In the United States alone, an estimated 2 million youth are arrested annually
(Puzzanchera, 2021). The financial and societal strain of juvenile crime is monumental, costing
the country up to $21 billion dollars a year (Petteruti, Schindler, & Ziedenberg, 2014). The
presence of negative, hostile, and defiant (e.g., antisocial/externalizing behavior) acts and
psychopathic traits early on in life are risk factors for later criminal offending in adulthood.
Although only 5% of youth exhibit a persistent and severe pattern of both psychopathic traits
and externalizing behavior, this subgroup accounts for a disproportionate and staggering 50% of
crime in the United States by adulthood (Hinshaw & Lee, 2003; Loeber, Burke, Lahey, Winters,
& Zera, 2002). Given these significant consequences of psychopathic traits and externalizing
behaviors, understanding their etiological basis is critical in helping to hinder the future
development of maladaptive behavior and traits.

Antisocial and externalizing behavior
Antisocial behavior refers to a set of actions that infringe on societal norms and the
rights of others, such as aggression, hostility, and defiance (Hodes, Gau, & De Vries, 2018). Such
behaviors are a key symptom of various psychiatric disorders highlighted in the Diagnostic and
Statistical Manual of Mental Disorders (DSM-5; American Psychiatric Association [APA], 2013),
namely disruptive behavior disorders (DBDs) including conduct disorder (CD), oppositional
defiant disorder (ODD) in youth and antisocial personality disorder (ASPD) in adults. A related
term that is often used interchangeably is externalizing behavior, though some researchers
argue that it should be reserved to characterize less severe forms of rule-breaking and
destructive behaviors (Liu, 2004; Shaw & Winslow, 1997). Three key types of behavior generally
fall under the externalizing construct: aggression, delinquency, and hyperactivity (Liu, 2004).
Aggression refers to behavior that serves to cause or threaten physical or psychological harm to
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others (American Psychological Association, n.d.).Traditionally, delinquency was conceptualized
as law-breaking behavior (e.g., burglary, vandalism), though it has expanded to antisocial
behaviors that do not necessarily include physical violence such as lying or cheating (Achenbach
& Edelbrock, 1991; Farrington, 1987). In contrast, hyperactivity includes attention problems or
impulsivity, although this is not to be mixed up with hyperactivity in subtypes of attentiondeficit hyperactivity disorder, but instead reserved for hyperactive-impulsive behavior that
persists and remains troublesome to society in adulthood (Liu, 2004). Early life emergence of
externalizing and antisocial behavior is considered a precursor to later criminal offending in
adulthood. Children that demonstrate externalizing tendencies are more likely to engage in
delinquency and violence as adolescents and adults (Farrington, 1997). Measures of
externalizing behavior in youth include the 36-item caregiver-reported Eyberg Child Behavior
Inventory (ECBI; Eyberg & Ross, 1978), which is a unidimensional measure of conduct-problem
behaviors in youth and assesses the intensity and degree of the behavioral problems in children
aged 2 to 16 years old (Eyberg & Robinson, 1983). A more widely used caregiver-reported
measure of externalizing behavior in youth aged 6 to 18 years old is the Child Behavior Checklist
(CBCL; Achenbach & Edelbrock, 1991). The externalizing problems broadband scale of the CBCL
combines the aggressive and rule-breaking (delinquency) behavior subscales.

Psychopathy and callous-unemotionality
Psychopathy is defined as a disorder that encompasses a lack of affect and deficient
empathy (Anderson & Kiehl, 2014). One of the first to characterize psychopathy was The Mask
of Sanity, where Cleckley described psychopathic individuals as lacking in internal structure and
emotion, although they disguise themselves as normally functioning (Cleckley, 1951). In adults,
psychopathic traits are a constellation of personality traits that include callousness, lack of
empathy, superficiality, and impulsivity (Hare, 2003). Various scales have since been developed
to measure psychopathy in adults including the Hare Psychopathy Checklist (PCL-R; Hare,
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2003), Levenson Self Report Psychopathy Scale (LSRP or SRP; Levenson, Kiehl, & Fitzpatrick,
1995), and Psychopathic Personality Inventory-Revised (PPI-R; Lilienfeld, Widows, & Staff,
2005). The PCL-R and LSRP use a two-factor model: primary and secondary psychopathy.
Primary psychopathy, or factor 1, refers to the interpersonal and affective deficits including lack
of remorse, coldness, or elevated self-worth, whereas secondary psychopathy, or factor 2,
encompasses the behavioral problems such as impulsivity or inhibition. The PPI-R
conceptualizes psychopathy as composed of three factors: fearless dominance (associated with
narcissism, thrill-seeking, decreased empathy), impulsive antisociality (indicative of negative
affect, impulsivity, and aggressiveness) and coldheartedness (Lilienfeld et al., 2005; Skeem,
Polaschek, Patrick, & Lilienfeld, 2011). Research has extended the concept of psychopathy to
youth by identifying the core features of psychopathy (e.g., poor empathy, lack of guilt or
remorse, shallow affect), referred to as callous-unemotional (CU) traits (Barry et al., 2000;
Frick, 1995; Frick, Ray, Thronton, & Kahn, 2014). CU traits remain relatively stable from youth
through adolescence (Frick & White, 2008; Munoz & Frick, 2007). Measures for CU traits in
youth include the Psychopathy Checklist Youth Version (PCL-YV; Forth, Kosson, & Hare, 2003),
which has most often been reserved for incarcerated adolescents and requires a trained clinician
to conduct a semi-structured interview. The Antisocial Process Screening Device (APSD; Frick &
Hare, 2001) is another assessment used that is shorter in length and can be filled out via parent,
teacher, or self-report. The 20-item assessment measures CU traits, narcissism, and impulsivity.
However, caveats of the APSD are that it only 6 items measure CU traits (Loney, Frick,
Clements, Ellis, & Kerlin, 2003) and its 3-point Likert scale limited score variability (Kimonis et
al., 2008). To address these limitations, Inventory of Callous Unemotional traits (ICU; Frick,
2004) was developed. The ICU contains 24-items, a 4-point Likert scale, and three subscales:
callousness, uncaring, and unemotional and has been validated in a number of different
populations ranging from community children, juvenile offenders, to college students (Ezpeleta,
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Osa, Granero, Penelo, & Domènech, 2013; Kimonis et al., 2008; Kimonis, Branch, Hagman,
Graham, & Miller, 2013).

Externalizing Behavior and CU Traits: Similarities and Distinctions
Antisocial behavior and psychopathy are highly correlated (Charles, Acheson, Mathias,
Furr, & Dougherty, 2012; Pihet, Etter, Schmid, & Kimonis, 2015). Individuals with psychopathy
are more likely to exhibit more severe forms of antisocial behavior, and CU traits in youth are
associated with more severe forms of aggressive and delinquent behaviors (Frick & Dickens,
2006). CU traits also appear to designate a subgroup of antisocial youth that are more likely to
engage in proactive and planned violence (Frick, Cornell, Barry, Bodin, & Dane, 2003; Kimonis
et al., 2008). In terms of their etiologies, both antisocial behavior and psychopathic traits have
been linked to overlapping neurobiological and psychosocial correlates including impaired
processes (e.g., emotion, executive function, moral decision-making, reward/punishment
processing) (see Blair, 2010; Dugré et al., 2020, for a review), autonomic functioning (see
Wagner & Waller, 2020, for a review), brain function and structure (Glenn & Yang, 2012;
Herpers, Scheepers, Bons, Buitelaar, & Rommelse, 2014; Lam, Huang, & Gao, 2021; Yang &
Raine, 2009), parenting (Ruiz-Hernández, Moral-Zafra, Llor-Esteban, & Jiménez-Barbero,
2019), early adversity (Gard et al., 2017), and abuse/maltreatment (Lansing, Plante, Beck, &
Ellenberg, 2018). However, burgeoning evidence suggests that CU traits may have differential
underlying mechanisms (Frick, Ray, Thornton, & Kahn, 2014; Waller & Wagner, 2019). For
example, neuroimaging studies on externalizing populations have shown that CU traits
characterize distinct neural correlates including reduced gray matter volume (GMV) in the left
orbitofrontal cortext (OFC) (Sebastian et al., 2016) and lower GMV reduction in the left
putamen and right amygdala (Rogers & De Brito, 2016). However, another study could not
replicate the CU trait differentiation in altered amygdala GMV in DBD youth (Waller et al.,
2020). Additional research utilizing both externalizing and CU measures are needed to address
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these inconsistent findings. Moreover, only a small number of studies have focused on
community samples and further replication is needed to generalize earlier findings.
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Chapter 2: The Neurobiological Basis of Externalizing Behavior and CU Traits
Reward and Punishment Processing: An Etiological Pathway
It has been postulated that an etiological pathway for externalizing behavior and
psychopathy is hyperactivity to rewards and/or hypoactivity to punishment (Byrd, Hawes,
Burke, Loeber , & Pardini, 2018; Frick & Marsee, 2006; Pardini, 2006). Specifically, reward
oversensitivity may engender persistent reward-seeking behavior (Quay, 1993), and youth with
psychopathic and externalizing tendencies may over-rely on appetitive drives rather than
evading punishment (O'Brien & Frick, 1996). Similarly, punishment insensitivity has also been
implicated in psychopathy and externalizing behavior (Dadds & Salmon, 2003; Hawes & Dadds,
2005). Deficient punishment processing may lead to the inability to adopt appropriate behavior
via passive avoidance learning, where one learns to avoid a situation previously associated with
an aversive stimulus, (Newman & Kosson, 1986; von Borries et al., 2010). As such, externalizing
acts may be the behavioral manifestation of punishment insensitivity (Lykken, 1995). Impaired
punishment processing (i.e., hypo-responsivity) may lead to deficits in feelings of anxiety and
fear anticipation, which could result in psychopathic and externalizing tendencies. One
conceptualization has hypothesized that psychopathy and externalizing behavior may arise from
deficits in the modulation of both reward and punishment systems (Byrd, Loeber, & Pardini,
2014; Patterson & Newman, 1993; Wallace & Newman, 2008).
The processing of appetitive (e.g., reward) and aversive (e.g., punishment) stimuli
consists of two phases: 1) anticipation and 2) delivery (Knutson , Fong, Adams, Varner, &
Sommer, 2001; Delgado, Jou, LeDoux, & Phelps, 2009). In healthy individuals, the brain region
most consistently involved in reward anticipation is the ventral striatum (VST) (Knutson,
Adams, Fong, & Hommer, 2001; Oldham et al., 2018; Silverman, Jedd, & Luciana, 2015),
whereas reward feedback has been shown to elicit activation in the prefrontal regions (Oldham
et al., 2018), amygdala, and putamen (Silverman et al., 2015). Punishment anticipation has been
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linked to the VST, amygdala, thalamus, and insula (Oldham et al., 2018), whereas punishment
delivery activates the anterior cingulate cortex (ACC), insula, thalamus, and OFC (Wrase et al.,
2007). In summary, reward and punishment processing involves neural substrates that are
mostly overlapping, but also distinctive.

Functional Brain Findings Related to Reward and Punishment Processing
Using reward or punishment processing tasks, researchers have found populations with
CU and/or externalizing behavior show altered brain function in the aforementioned regions
have been observed (Bjork, Chen, & Hommer, 2010; Matthys, Van Goozen, Snoek, & Van
Engeland, 2004; Rubia et al., 2009). One study found decreased activation of the OFC during
reward receipt in adolescent males with early-onset (i.e., onset before 10 years old) conduct
disorder (Rubia et al., 2009). Another study on a clinical adolescent sample found that those
diagnosed with either oppositional defiant disorder (ODD), attention deficit hyperactivity
disorder (ADHD), or conduct disorder (CD) exhibited greater activation in nucleus accumbens
(NAcc; a primary subregion of the VST) and the ACC during reward receipt (Bjork et al., 2010).
Results from another study using a clinical youth population found that those with DBDs had
increased NAcc activation during reward receipt (Hawes et al., 2021). In contrast, an
investigation on teens with persistent DBD (early onset, persisting into late
adolescence/adulthood), desisters (late onset, eventual cease) and healthy controls, found that
the DBD persisters showed blunted activation in the VST, but increased activation in the
amygdala, to the receipt of the monetary gain, as compared to the other two groups (Cohn et al.,
2015). Similarly, another group found that antisocial behavior, but not CU traits, was related to
reduced VST response during reward anticipation in males (Murray, Shaw, Forbes, & Hyde,
2017). In our own pilot work, we attempted to measure the impact of CU traits and externalizing
behavior on brain activity during reward and punishment processing in a sample of adolescents
(n = 29, age range = 11-14). We found preliminary evidence for increased activation in the VST
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in relation to CU traits in adolescents (Huang et al., 2019). To summarize, most of the work
conducted on youth samples support the notion that CU traits and externalizing tendencies are
associated with altered neural responsivity during reward, particularly hyper-responsivity,
although more work is warranted to address prior mixed findings.
Findings on neural responses during punishment processing in CU and externalizing
populations have been even less consistent. In adult psychopaths, one study found that higher
psychopathy scores were correlated with lower VST activation during punishment (Pujara,
Motzkin, Newman, Kiehl, & Koenigs, 2014). Youth with DBDs and CU traits exhibit reduced
activation in the amygdala in response to punishment (Finger et al., 2011). In line with those
results, our pilot study found decreased activation in the amygdala in response to punishment
related to externalizing behavior (Huang et al., 2019). However, an earlier group found that
adolescents with persistent DBDs had heightened amygdala activation to punishment (Cohn et
al., 2015). And in a different study that looked at the association between conduct problems, CU
traits, and punishment processing, neither of these effects could be replicated (Byrd et al.,
2018). The punishment-related findings across studies are overall inconclusive.

Structural Brain Findings in Regions Relevant to Reward and Punishment
Processing
A wealth of literature has generally supported a neurobiological basis of antisociality and
psychopathy. Early evidence of this includes observations from neurological patients that
exhibit psychopathic-like or violent behaviors after brain injury (Damasio, 1979). Brain imaging
studies on individuals with APD have found reduced gray matter volume (GMV) in the
prefrontal cortex (PFC), an area of the brain largely responsible for executive functioning
(Raine, Lencz, Bihrle, Lacasse, & Colletti, 2000; Yang et al., 2005). Structural deficits, namely
GMV reductions, in the brain have also been found in many other various regions most
prominently in the frontal and paralimbic regions (Ermer, Cope, Nyalakanti, Calhoun, & Kiehl,
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2012), including the OFC (Laakso et al., 2002), amygdala (Yang, Raine, Colletti, Toga, & Narr,
2010), temporal gyrus (Müller et al., 2008), and hippocampus (Laakso et al., 2001) of
psychopaths and antisocial adults. Though, the directionality of structural alterations remains
unclear in psychopaths because research has also reported increases in GMV of the anterior
cingulate cortex (ACC), medial OFC, and striatum in psychopathic populations (De Brito et al.,
2009; Glenn, Yaralian, & Yang, 2010). Similarly, positive correlations between GMV in the VST
and externalizing traits have been reported as well (Chen & Li, 2022). More recent work on
youth has reported that callous traits are associated lower whole brain GMV (Bolhuis et al.,
2019). Other subscale specific results have also been found. Namely, callousness was found to be
associated with GMV reductions in the paralimbic regions including the VST, amygdala,
caudate, and insula, while uncaring traits were associated with GMV increases in the OFC and
ACC (Caldwell et al., 2019). One study found that externalizing behavior was associated with
reduced left amygdala GMV, but the effect was mediated by CU traits (Cardinale et al., 2019).
Given these mixed findings, more work is needed to better understand the directionality of gray
matter volume alterations in externalizing and CU youth.
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Chapter 3: Environmental/Psychosocial Predictors of Antisociality and
Psychopathy
While the evidence of a neurobiological basis to psychopathy and externalizing behavior
have been a core focus in the literature, there is a body of compelling work suggesting its
environmental or psychosocial basis as well (Hazebroek et al., 2019). Early work has implicated
two main domains of the childhood experience: familial (Dutton & Hart, 1992; Herpertz & Sass,
2000) and peer (Raine, 1993) influences. The development of antisocial behavior and CU traits
have been thought to be related to a variety of environmental factors including low family
income, disrupted family (Farrington, 2006), parental stress and parenting styles (Shaw &
Winslow, 1997), adverse rearing environments (Hinshaw, 2002), lack of maternal care, and
childhood physical abuse (Gao, Raine, Chen, Venables, & Mednick, 2010).

Social Adversity
One of the strongest predictors of antisocial behavior is social adversity. Social adversity
is comprised of psychosocial issues including poverty, community violence, disrupted family,
parental criminal behavior, and poor parenting (Beaver et al., 2008; Fagan, Zhang, & Gao, 2017;
Moffitt & Caspi, 2001; Scarpa & Ollendick, 2003; van de Weijer, de Jong, Bijleveld, Blokland, &
Raine, 2017), Prolonged exposure to social adversity may potentially worsen pre-existing
externalizing behavior (Liu, 2014), and experiencing adversity in childhood explains 41.2% of
disruptive behavior disorders (Green et al., 2010). It has been hypothesized that exposure to
adversity impacts stress hormones (e.g., cortisol), which then act as a canalizer for neural
connectivity and subsequent difficulties in self-regulatory behavior (Blair & Raver, 2012). The
effects of adversity on the brain have been observed as early as the prenatal period. Infants of
mothers with higher social disadvantage (e.g., low education, low income, area deprivation,
unhealthy eating, lack of health insurance) were more likely to have reduced GMV in the brain
and smaller hippocampi and amygdala (Triplett et al., 2021). Early life exposure to adversity has
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been found to affect prefrontal executive control, and amygdala and hippocampus volume (see
Tomalski & Johnson, 2010, for a review). Moreover, adversity has been linked to decreased VST
response to reward (Holz et al., 2017) and decreased GMV in the prefrontal and subcortical
regions (Ansell, Rando, Tuit, Guarnaccia, & Sinha, 2012; Holz et al., 2015; Tottenham &
Sheridan, 2010). Taken together, adversity is linked to atypical development of brain, which in
turn predisposes individuals to antisocial and psychopathic tendencies.

Prenatal Maternal Stress
Prenatal risk factors (e.g., maternal stress, depression and/or anxiety during pregnancy)
have been linked to externalizing behaviors (Jones et al., 2019; MacKinnon, Kingsbury, Mahedy,
Evans, & Colman, 2018) and psychopathic traits (Mäki et al., 2003; Van den Bergh & Marcoen,
2004) and delinquency (Loeber, Farrington, Stouthamer-Loeber, & van Kammen, 1998).
Moreover, maternal psychopathology and partner relationships during the prenatal period,
predicts CU traits in early adolescence (Barker, Oliver, Viding, Salekin, & Maughan, 2011). It is
believed that the activation of the maternal hypothalamic-pituitary-adrenal (HPA) axis in
response to stress leads to excess release of glucocorticoids (GC), such as cortisol, passes
through the placenta and influence fetal brain development and later behavioral outcomes
(Bergman, Sarkar, Glover, & O'Connor, 2010; Challis et al., 2001; Matthews, 2000). Fetal
exposure to elevated levels of maternal cortisol may have an effect on brain development.
Associations between high maternal cortisol levels and increased amygdala volume in 7-year-old
females have been reported (Buss et al. 2012). Additionally, greater prenatal maternal stress has
been linked to modifications in the development of white matter connections in the limbicprefrontal areas in children (Sarkar et al., 2014). Similar to early life adversity, the literature
suggests an association between prenatal maternal stress and atypical brain development, which
are risks for antisociality and psychopathy.
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Chapter 4: Biosocial Interactions
More recently, researchers have considered the combination of both biological and
environmental risks to predict psychopathy and externalizing behavior. Increasing evidence
suggests that the presence of both risk factors significantly increases the rates of antisocial
behavior (Raine, 2002). Males with a biological risk factor (e.g., low resting heart rate) who also
experienced adversity (e.g., poor parental relationship, larger families) were more likely to
become violent offenders as adults (Farrington, 1997). Similarly, lower resting heart rate was
associated with higher scores on the daring-impulsive factor of psychopathy and aggression
under the condition of high social adversity (Raine, Fung, Portnoy, Choy, & Spring, 2014). Our
own work has found that prenatal maternal stress interacts with autonomic arousal to predict
externalizing behaviors and psychopathic traits in children (Gao, Huang, & Li, 2017). In a review
of 50 studies, Hazebroek et al. (2019) found that when an adverse social environment was in the
picture, associations between biological correlates and antisocial behavior are stronger.
Moreover, they found that biosocial interactions were more predictive of severe and violent
forms of antisocial behavior. Despite this emerging evidence for the interplay of biological and
environmental risks in predicting antisociality and psychopathy, there is a paucity of research
that integrates environmental correlates into brain imaging research. A review of 20
neuroimaging studies revealed that only 4 included some form of environmental variables
(Frazier, Ferreira, & Gonzales, 2019). Among those 4, none examined the main effect of
environmental factors. To date, just one study has examined brain structure, prenatal maternal
stress, and externalizing behaviors. Jones et al. (2019) found that the relationship between
objective prenatal maternal stress and externalizing behavior was explained by larger amygdala
volumes. The only study that has examined neural response, environmental adversity, and
psychopathy found that amygdala activation differed among primary versus secondary
psychopaths, wherein those who were maltreated (e.g., secondary psychopaths) had typical
responding relative to their primary counterparts, who as a group scored lower on maltreatment
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(Sehti et al., 2018). It has been postulated that genetic predispositions lead to biological risk
factors that may engender antisocial behavior and psychopathic traits and that the presence of
environmental risks may additionally contribute to developing these biological impairments.
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Chapter 5: The Current Study
This dissertation project will evaluate the neurobiological and environmental bases of
externalizing behavior and CU traits. The goal of this project are fourfold: 1) to examine the
reward and punishment-related functional neural underpinnings of externalizing and CU
tendencies, 2) to investigate the structural neural alterations, specifically gray matter volumes,
in regions implicated in reward and punishment-processing, 3) to evaluate whether early
adversity can be used to predict these brain alterations and externalizing/CU outcomes, and
finally 4) to explore whether the combination of neurobiological and environmental risks can be
used to predict those with highest levels of externalizing behavior and CU traits, which to my
knowledge, no other study to date has done using neuroimaging data.
The Healthy Childhood Study is an ongoing longitudinal study, led by Dr. Yu Gao, that
examines the development of behavioral problems in childhood. Recruitment for the study took
place in Brooklyn, New York and sought to include 8- to 10 year old children and their primary
caregivers at initial enrollment. Study advertisements were mailed to qualifying families or
placed throughout the study area at community centers, libraries, and churches. Exclusion
criteria included those with a diagnosed psychiatric disorder, intellectual disability, or
developmental disorder. The original cohort included a total of 340 (48.2% male) participants
and their caregivers (86.4% mothers). The sample was racially diverse, with an ethnic
breakdown of 21% Caucasian, 11% Hispanic/Latino, 52% Black, 2% Asian, and 14%
mixed/other. The income level (median = $43,200) and educational attainment of caregiver
participants were heterogeneous as well. Participants and their caregivers came to the City
University of New York (CUNY) Brooklyn College Psychophysiology Lab for their initial
assessment and follow-up visits occurred approximately every 2 years. Participants were
financially compensated for their time.
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At enrollment, caregiver participants filled out surveys that assessed the following:
demographics, behavioral and emotional problems observed in their child, personality traits,
familial conflict, home environment, and prenatal factors. Child participants also filled out
questionnaires about behavioral and emotional problems, and personality traits. Additional inperson assessments included psychophysiological recordings (heart rate, respiration, and skin
conductance) during experimental tasks that measured conditioning and emotion regulation.
At follow-up visit 3 (Time 3), when the youth participants were 12-16 years old, eligible
participants were asked about their interest in attending an additional assessment at the CUNY
Advanced Science Research Center (ASRC), where they would undergo a series of structural and
functional neuroimaging scans. To qualify, the family must have participated in the Time 3
Brooklyn College visit and the youth participant must pass a safety screening checklist and be
deemed able to be scanned by the magnetic resonance imaging (MRI) machine at the ASRC.

Specific Aims and Hypotheses
Aim 1 of this dissertation project is to replicate prior findings to determine altered neural
response in the VST and amygdala during a) reward-related anticipation and feedback and b)
punishment-related anticipation and feedback are associated with CU traits and externalizing
behaviors in a healthy, non-incarcerated group of youth. Based on previous work, we expected
to hyper-responsivity to reward to both outcomes.
Aim 2 of this project is to investigate if GMV in the amygdala, caudate, and putamen (the
latter two of which form the dorsal striatum) are related to a) externalizing behaviors and, b) CU
traits. We expected to see reduced GMV across the regions of interest.
Aim 3 of this study is to replicate previous findings that adversity is a) linked to
externalizing/CU outcomes, b) can predict functional and structural abnormalities in brain
regions that are involved in reward and punishment processing. We will also examine the
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impact of prenatal maternal stress on c) externalizing/CU traits, and d) on neural alterations in
reward and punishment processes.
Aim 4 of this study will examine whether biological (e.g., aberrant brain structure and
function in reward and punishment processing) and environmental risks (e.g., social adversity
and prenatal stress), as identified in Aims 1-3, combine to predict externalizing behavior and CU
traits.

Methods
Participants
Study participants were invited for a follow-up study assessment (Time 3; ages 12-16) as
part of the Healthy Childhood Study. Exclusion criteria for the neuroimaging component of the
study included any history of pervasive developmental disorders, drug use, and those with
incompatible medical devices including pacemakers, metal objects inside the body, orthodontia,
head gear or foreign objects that could potentially cause distortion or artifacts on the brain
imaging data. Participants and their main caregivers were invited for a 2-hour on-site visit at
Brooklyn College for social risk factor, behavioral, and personality assessments. Neuroimaging
data were collected at a second visit (occurring within a few weeks of the initial visit) at the
Advanced Science Research Center (ASRC) of the City University of New York (CUNY). It
included a mock scan and an actual scan, which lasted approximately 2 hours in total. The study
was approved by the institutional review boards of CUNY. Participants and their main
caregivers provided signed informed consent and assent, and were financially compensated for
their time. A total of 52 subjects that had done the MRI scan. For the functional MRI (fMRI)
dataset, thirteen participants were excluded due to heavy head motion (>8mm in translation
and >5° in rotation) (n = 8) or inattention during the MID task (n = 5). The remaining 39
adolescent participants had usable fMRI data. For the structural MRI (sMRI) dataset, eight were
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excluded due to heavy head motion (>8mm in translation and >5° in rotation) during the
structural scan. The remaining 44 adolescents participants had usable sMRI data.
Materials and Procedures
Externalizing problems
Externalizing behavior was measured via caregiver’s report using the Child Behavior
Checklist (CBCL; Achenbach, 1991). The CBCL contains 112-items concerning a child’s behavior,
including internalizing (77 items) and externalizing behavior (35 items), within the past 12
months. The externalizing subscale is comprised of the aggression (e.g., “Cruelty, bullying, or
meanness to others”) and delinquency (e.g., “Breaks rules at home, school, or elsewhere”)
subscales. Items are rated on a 3-point scale ranging from 0 (not true) to 2 (very true or often
true). The total externalizing score was computed as the sum of all relevant items for each
participant. Internal consistency of the externalizing subscales were good to excellent
(Cronbach’s α = .82 - .90).
CU Traits
The caregiver participant filled out the 24-item Inventory of Callous Unemotional traits
questionnaire (ICU; Frick, 2004), which was developed to provide a more comprehensive
assessment of CU traits, composed of the callous, uncaring, and unemotional subscales. It
consists of a four-point rating scale ranging from 0 (not at all true) to 3 (definitely true). Three
subscale scores were computed according to the manual and a total CU score was computed by
the summating the scores from the items across all three subscales. The reliability and validity
information in the original cohort can be found in Gao and Zhang (2016). Internal consistency
of the caregiver-report CU subscales in our sample was acceptable (Cronbach’s α = .72 - .85).
Covariates
Intelligence
The intelligence quotient (IQ) of the participants was measured using four subtests of the
fourth edition of the Wechsler Intelligence Scale for Children (WISC-IV; Wechsler, 2003) at
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Time 1. Estimates of IQ scores were created by prorating four subscales of the WISC-IV
(Vocabulary, Digit Span, Coding, and Matrix Reasoning) and a full-scale IQ score was calculated
for each participant.
Pubertal Status
The Self-Rating Scale for Pubertal Development (Carskadon & Acebo, 1993) was
administered to measure the pubertal status of the participants at Time 3. Its rating is based on
a four-point scale: 1 (has not yet begun), 2 (has barely begun), 3 (definitely underway), 4 (seems
complete), or unknown (I don't know). It consists of three identical questions for both boys and
girls regarding growth in height, body hair growth, and skin changes. Girls are asked to answer
two additional questions about breast growth and menstruation (and a third question about age
of menstruation, if applicable), while boys are asked to answer two additional questions
regarding deepening of the voice and facial hair growth. Based on guidelines from Crockett
(1988, unpublished), a score of pubertal development status (1 = pre-pubertal, 2 = early
pubertal, 3 = mid pubertal, 4 = late pubertal, and 5 = post pubertal) was computed for each
participant by summating all sex-relevant items and obtaining an average. Then, the score was
recoded into puberty category scores based on the following guidelines: for males, it included
body hair growth, voice change, and facial hair growth (prepubertal = 3, early pubertal = 4 or 5,
midpubertal = 6, 7, or 8, late pubertal = 9–11, and postpubertal = 12); for females, the
computation included body hair growth, breast development, and menarche (prepubertal = 2
and no menarche, early pubertal = 3 and no menarche, midpubertal = >3 and no menarche,
postpubertal = 8 and menarche). The reliability (student version = 0.67 to 0.70) and validity of
this scale has been established (Carskadon & Acebo, 1993).
Social adversity
A social adversity index was created from the caregiver’s responses to ten questions
based on previous literature at the initial study visit when the child was 8-10 years old (Raine,
2002; Zhang & Gao, 2015). The total adversity score was computed by adding 1 point for each of
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the following variables: Divorced Parents (single-parent family, remarriage, or living with
guardians other than parents), Foster Home, Public Housing, Welfare/Food Stamps, Parent
Ever Arrested (either parent has been arrested at least once), Parents Physically Ill, Parents
Mentally Ill, Crowded Home (five or more family members per room within the home), Teenage
Mother (aged 19 years or younger when the child was born), and Large Family (having five or
more siblings by 3 years of age). Items were scored dichotomously with a 0 (no) or 1 (yes).
Higher total scores reflect higher social adversity.
Prenatal maternal stress
Prenatal stress was obtained via a semi-structured psychosocial interview conducted with
the caregiver at the first study visit when the child was 8-10 years old. One point was scored if a
stressful event had happened during the pregnancy (e.g., divorce/separation, financial problems,
accident, natural disaster, illness or death of relatives/significant other, etc.). The caregiver also
answered questions such as: “Was this pregnancy planned (negatively coded)?” “How happy did
the pregnancy make you (negatively coded)?” and so forth. All answers were coded dichotomously
and summed up to form a measure of prenatal maternal stress.
Demographics
Age, race, and biological sex were collected in a demographic survey filled out by the
caregiver during Time 3 at the Brooklyn College visit.
Modified Monetary Incentive Delay Task
A modified version of the Monetary Incentive Delay (MID) Task (see Figure 1) was
adapted from Knutson et al. (2001) and Samanez-Larkin et al. (2007) to examine reward and
punishment- related neural responses. The MID task involves a Pavlovian conditioning
procedure in each trial that includes two phases of interest: anticipation and feedback. The
anticipatory phase begins with a geometric visual cue displayed for 2000 milliseconds (ms)
followed by a 2000 to 2500 ms central fixation crosshair. Each geometric cue was associated
with a particular outcome: the circle (reward cue) was associated with potential reward
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(monetary gain), the square (punishment cue) was associated with potential punishment
(monetary loss), and the triangle (neutral cue) was associated with no gain or loss. During the
practice session, adolescent participants were explicitly told the meaning of each geometric cue
and tested for recall to make sure they understood the task. Immediately after the anticipation
phase, a star appears on the center of the screen for a short period of time as a target.
Participants were instructed to hit the response button with their right hand index finger as
soon as they visually detected the target. Only responses made within the window of target
duration were considered as correct responses.

Figure 1. Schematic representation of the modified Monetary Incentive Delay task.
For each participant, the initial target duration was set as the mean response time based
on their individual performance on the 18-trial practice. For each of the following trials, the
target duration was adaptively altered based on performance on prior trials to limit the current
total hit rate at approximately 66%. A fixation cross was displayed after the target for 2000 ms
minus the target duration. Then, in the outcome phase, the feedback was provided for 2000 ms,
including response accuracy (“Good job!” for target hit within the time window and “Sorry you
missed!” for missed target), together with trial-specific and cumulative monetary reward earned.
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If the target was hit within the time window after a reward cue (circle), participants would win
$2.00; otherwise, they would gain $0.00. Hit after a punishment cue resulted in losing $0.00,
whereas a miss would result in losing $2.00. Hit or miss after a neutral cue resulted in neither
gain nor loss (+/-$0.00). The inter-trial interval was 2000-3000 ms. There were 45 trials in
each run, including 15 reward, punishment, and neutral trials each, presented in randomized
order. Each run began with a 15 s fixation period and ended with another 15 seconds (s) fixation
period followed by a feedback of the total monetary reward earned from the current run. Each
run was about 9.5 minutes in duration. Each participant completed 2 runs of the task, resulting
in a total of 90 trials lasting about 19 minutes.
Functional Magnetic Resonance Imaging Data Acquisition
Functional MRI imaging were acquired on a 3T Siemens Magnetom Prisma scanner
with a 32-channel phase-array coil at the ASRC at CUNY. Each scan session lasted about 60
minutes. Foam padding was used to minimize participants’ head movement. All images were
acquired along axial planes parallel to the anterior commissure-posterior commissure (AC–
PC) line. Two runs of T2*-weighted images for fMRI were acquired during the task with a
Multi-band accelerated EPI pulse sequence (https://www.cmrr.umn.edu/multiband/) with
the following parameters: 72 axial slices of 2.0 mm thick, interleaved, skip = 0 mm, TR = 800
ms, TE = 37 ms, multi-band accelerator factor = 8, echo spacing = 0.58 ms, flip angle = 52°,
FOV = 208 mm, matrix size = 104 × 104, voxel size = 2.0 × 2.0 × 2.0 mm 3. Each run began with
a single-band reference image that matched real brain-volumes and acquired without
acceleration, followed by 680 volumes covering the task period. A pair of spin-echo echo-planar
imaging (SE-EPI) reverse-phase encode field maps were acquired prior to these two runs, with
TR = 8000 ms and TE = 66 ms. A high-resolution T1-weighted anatomical volume of the whole
brain was acquired after the task with a magnetization-prepared rapid gradient-echo (MPRAGE)
sequence with the following parameters: 208 axial slices of 1.0 mm thick, skip = 0 mm, TR =
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2400 ms, TE = 2.15 ms, flip angle = 8°, FOV = 256 mm, matrix size = 256 × 256, voxel size = 1.0
× 1.0 × 1.0 mm3.
Procedure
Prior to scanning, the task was explained to the adolescents via written and verbal
instructions, and then they performed an 18-trial practice session of the MID task on a laptop. A
mock scanner with an identical stimuli presentation and response system was shown to each
participant to help them acclimate to the MRI environment. The modified MID task was
compiled and executed via E-prime 2.0 software (Psychology Software Tools, Pittsburgh, PA).
The task stimuli were projected onto a monitor placed at the back of the magnet bore that was
viewable via mirrors mounted on the head coil. MRI-compatible lenses were provided to
adolescents who required vision correction. Participant responses to the task were collected
using a fiber-optic button system with a two-button response pad (BrainLogic, Psychology
Software Tools) placed on their right hand. Participants were required to make responses by
pressing the button under their right index finger. At the end of the experiment, participants
were debriefed.
Functional Brain imaging preprocessing
Image preprocessing was performed for each participant using Statistical Parametric
Mapping (SPM 12; Wellcome Trust Center for Neuroimaging, London, UK; RRID:
SCR_007037) and FMRIB Software Library (FSL v6.0;https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/;
RRID: SCR_002823). The T1 image and all EPI images were manually adjusted to align the ACPC plane. Bias correction was performed for both T1 and EPI images. Each EPI image volume
was then realigned to the first volume and six motion parameters were estimated. Fieldmaps in
Hz and magnitude images were generated based on the field map images to calculate the voxel
displacement map (VDM). The VDM was applied to all EPI images for distortion correction.
Head motion and signal drifting were further corrected using the ArtRepair software version 5b
(https://cibsr.stanford.edu/tools/human-brain-project/artrepair-software.html; RRID:
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SCR_005990). A mean EPI image was calculated across all EPI images after these steps of
processing. The brain was extracted from the bias-corrected T1 image and coregistered to the
brain extracted from the mean EPI image using normalized mutual information. The
coregistered T1 brain was normalized to a bias-corrected adolescent T1 template (Richards,
Sanchez, Phillips-Meek, & Xie, 2016), with affine regularization as ICBM space template –
European brains and resampled to a voxel size of 2 × 2 × 2 mm. Normalized EPI images were
then spatially smoothed with a Gaussian kernel of 6 mm full-width half-maximum, as
recommended by Sacchet and Knutson (2013) to accurately locate the VST.
General linear modeling
Genearl linear modeling (GLM) was performed using Statistical Parametric Mapping
(SPM) Version 12. First-level (single-subject level) statistical analyses of event-related blood
oxygenation level-dependent (BOLD) signals were conducted using GLM for each participant.
For each of the 2 runs, three regressors were constructed based on the onset vectors of the
anticipation phase in three conditions (e.g, Reward, Neutral, or Punishment), with the duration
of each event modeled as the total duration of the anticipation phase in the corresponding trial.
Six regressors were constructed based on the onset vectors of the outcome phase in six feedback
conditions (e.g., Reward-Hit, Reward-Miss, Neutral-Hit, Neutral-Miss, Punishment-Hit, and
Punishment-Miss), with the event duration modeled as 0 s. For each of these six regressors, a
parametric modulator of the trial-by-trial cumulative rewards earned (demeaned) was
constructed to model the influence of this information on brain responses under each feedback
condition. Two additional regressors were constructed based on the onset of the targets with hit
and missed responses, respectively, with the event duration modeled as 0 s. All 11 regressors
were convolved with a standard hemodynamic response function (HRF). Head motion was
modeled as nuisance regressors according to the Friston 24-parameter model, including 6 head
motion parameters estimated during realignment, 6 parameters as one time-point before, and
12 corresponding squared items. Low-frequency drifts in signal were removed using a high-pass
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filter with a 128 s cutoff. Across two runs, one nuisance regressor to indicate runs was entered
into the model. The serial correlation was estimated using an autoregressive AR(1) model. This
model was estimated for each participant and the images of parameter estimates (β) values were
obtained for each regressor. The β images of the three anticipation-associated and six outcomeassociated regressors were used in the following analyses.
For the anticipation phase, two contrasts were defined: (1) Reward cue vs. Neutral cue, to
examine the involvement in gain-related anticipation, and (2) Punishment cue vs. Neutral cue,
to examine the involvement in loss-related anticipation. For the outcome phase, three contrasts
were defined: (1) all Hit feedback vs. all Miss feedback, to examine the involvement in the
receipts of outcomes, regardless of monetary gain or loss (i.e., “Good job!” versus “Sorry you
missed!”); (2) Reward (Hit minus Miss) vs. Neutral (Hit minus Miss), to examine the
involvement in reward receipt (monetary gain); and (3) Punishment (Miss minus Hit) vs.
Neutral (Miss minus Hit), to examine the involvement in punishment receipt (monetary loss).
These effects were examined in both first-level and second-level group analyses, with both
positive (increase) and negative (decrease) activation examined. Age, race, sex, IQ, and pubertal
status were entered as covariates in the second-level GLM. Second-level GLM was conducted to
examine the experimental effects in the current sample, regardless of the individual differences
in externalizing behavior and CU traits. In the second-level analysis, we used a cluster-extent
thresholding approach to correct for multiple voxel comparisons. Specifically, a threshold
consisted of a significance level of p < .001 (uncorrected) for the height of each voxel (as
recommended by Woo et al., 2014), together with a contiguous-voxel extent threshold (k;
estimated based on the random field theory per Worsley et al., 1992) was adopted, which
resulted in a cluster-level p < .05 threshold.
Extracting neural responses from regions of interest
For the region of interest (ROI) analyses, we selected two a priori defined ROI based on
previous meta-analyses on fMRI studies using the MID: ventral striatum (VST), which is
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implicated in reward processing, and amygdala, which is implicated in the processing of
negative stimuli (Knutson & Greer, 2008; Liu, Hairston, Schrier, & Fan, 2011; Richards, Plate, &
Ernst, 2013; Silverman et al., 2005; Oldham et al., 2018). These two ROIs were defined
anatomically. Specifically, the VST was defined according to the Oxford-GSK-Imanova
structural striatal atlases (Tziortzi et al., 2011), and the amygdala was defined according to the
Harvard-Oxford subcortical structural atlases and were manually traced on the age-specific
anatomical template. The illustration of both ROIs is shown in Figure 2. Signals in each ROI
were extracted from a combined cluster of that region in the left and right hemispheres. The first
eigenvariate of the β value was extracted across all voxels within the corresponding cluster, from
each participant’s first-level contrast map for each of the five effects. The statistical analyses in
ROIs are independent of the above second-level GLM analyses.

Figure 2. Brain regions of interest (pink = VST, green = amygdala).
Structural Magnetic Resonance Imaging Acquisition
T1-weighted sMRI scans from each participant were acquired from a 3.0T SIEMENS
MAGNETOM Prisma Scanner at the Advanced Science Research Center. The sMRI data were
collected using a magnetization prepared rapid gradient echo sequence with the following
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parameters: repetition time (TR) = 2400 ms, echo time (TE) = 2.15 ms, flip angle = 8°; field of view
(FOV) = 256 mm, voxel size = 1.0mm×1.0mm ×1.0mm, number of slices = 208.
Individual-level Structural Neuroimaging Data Analysis
Brain imaging data were subject to quality checks for motion and dropout artifacts were
conducted before the data were preprocessed. For each participant, sMRI data was motion
corrected and then processed using an automated surface reconstruction model in the
FreeSurfer v.6.0 software package (https://surfer.nmr.mgh.harvard.edu/). All steps were done
using the recommended standard parameters (Dale, Fischl, & Sereno, 1999).To estimate
regional cortical thickness and surface area values, non-brain tissues were removed using a
hybrid watershed/surface deformation procedure. Each volume was registered to the Talairach
atlas using an affine registration method. Intensity variations caused by magnetic field
inhomogeneities were corrected. A cutting plane was defined to separate the left and right
hemispheres and to remove the cerebellum and brain stem. Two surfaces between the GM and
WM (called WM surface) and between the GM and cerebrospinal fluid (called pial surface) were
generated using the triangular tessellation technique. The GM/WM border surface was then
inflated to an average spherical surface to locate both the pial surface and the GM/WM
boundary. Cortical thickness was measured as the average of two distances including the
distance from each white surface vertex to their corresponding closet point on the pial surface
and vice versa. Surface area was quantified by averaging the surrounding triangular face of the
surface representation with vertex coordinates. Cortical parcellation was provided based on the
Desikan-Killiany atlas (Desikan et al., 2006). We selected subcortical GM ROIs including the
amygdala, caudate, and putamen in both hemispheres due to their involvement in reward and
punishment processing based on prior literature. GMV of the 6 subcortical regions were
calculated and included in group-level analyses.
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Chapter 5.1: Aim 1
The objective of Aim 1 was to investigate whether CU traits and externalizing tendencies
were linked to altered neural response during reward and punishment processing in a nonclinical, non-incarcerated sample of adolescents. We used a modified version of a well replicated
conditioning paradigm called the Monetary Incentive Delay task (MID; Knutson et al., 2001;
Samanez-Larkin et al., 2007) to assess brain activation related to reward and punishment. The
utility of the MID task is that it assesses both reward and punishment processing and further
separates them out into two phases: anticipation and feedback. Previous literature has suggested
that distinct regions are recruited across the different phases,
Aim 1a. To determine if CU traits and/or externalizing behavior associated with
activation in the VST and amygdala during reward processing.
Hypothesis 1a. There would be a positive association between VST and amygdala
response during reward anticipation and feedback with externalizing/CU outcomes.
Aim 1b. To determine if CU traits and/or externalizing behavior associated with
activation in the VST and amygdala during punishment processing.
Hypothesis 1b. There would be an inverse association between VST and amygdala
response during punishment anticipation and feedback with externalizing/CU outcomes.

Statistical analyses
First, descriptive statistics were computed across the demographic variables, task-related
performance, and outcomes of interest. An externalizing or CU total score ≥3 SD above the
sample mean would be considered an outlier. Because a core goal of this study is to examine
those with high externalizing/CU tendencies, outliers would be included in the main analysis. A
t-test comparing males vs females was also done on these variables to examine sex-specific
differences. Pearson’s correlations were conducted to investigate the relationship between the
outcomes of interest (e.g., externalizing behavior or CU traits) and ROI activation changes
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associated with each of the contrast effects defined above. Next, hierarchical regression models
were run to model the impact of neural response on externalizing and CU tendencies. Age, race,
sex, IQ, pubertal status, and the global mean signals for the focal contrast were entered as
covariates in Step 1 for each regression model. In Step 2, the focal contrast (reward or
punishment anticipation, reward or punishment feedback) activation of the focal ROI (e.g., VST,
amygdala) was added. The dependent variable was defined as either externalizing behavior or
CU traits.

Results
Descriptive Statistics, Sex Differences, and Pearson Correlations
Means for demographic variables, task performance, externalizing behavior, and CU
traits are presented in Table 1. Male and female participants did not significantly differ on any of
the variables except for puberty (p <.01), in which girls were further along in puberty, consistent
with prior research (Wolf & Long, 2016). Because no significant sex differences were detected
amongst the main outcome variables of interest, the subsequent analyses were not separated out
by sex. Correlations among the key variables are presented in Table 2. As expected, externalizing
behaviors were significantly correlated with most of the CU trait measures, and most functional
brain measures were correlated with one another.
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Table 1. Descriptive Statistics of Key Variables in the fMRI Dataset
Race Breakdown
Caucasian
Hispanic/Latino
Black
Asian
Other
Multiracial
Unknown
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Key variables
Age
Puberty
IQ
MID Hit Rate (%)
MID RT (ms)
Aggression
Delinquency
Externalizing Total
Callousness
Uncaring
Unemotional
CU Total

(n, %)
4, 10.3%
6, 15.4%
13, 33.3%
1, 2.6%
2, 5.1%
8, 20.5%
5, 12.8%
All (n = 39)
Mean
SD
13.97
.90
4.03
.88
92.18
24.30
60.38
.07
215.66
43.83
4.21
4.68
2.18
2.85
6.39
7.06
4.51
3.45
9.64
5.68
5.87
3.28
20.03
9.72

Range
12-16
2-5
44-141
38-70
145.80-334.00
0-22
0-13
0-35
0-12
0-20
0-12
0-39

Males (n = 21)
Mean
SD
14.19
.98
3.48
.60
90.05
23.80
59.95
.07%
205.29
29.93
4.58
5.23
2.62
3.35
7.20
8.10
4.90
3.69
11.05
5.50
6.00
3.52
21.96
8.91

Range
12-16
2-4
44-141
41-70
145.80-224.90
0-22
0-13
0-35
1-12
1-20
0-12
6-39

Females (n = 18)
Mean
SD
13.72
.75
4.71
.69
94.67
25.32
60.89
.08
227.76
54.34
3.78
4.05
1.67
2.09
5.44
5.69
4.06
3.19
8.00
5.58
5.72
3.06
17.78
10.39

Range
12-15
3-5
52-140
38-70
147.50-334.00
0-13
0-7
0-17
0-10
0-18
0-12
0-38

Sex difference
t
p
1.65
.11
-5.89
<.01**
-.59
.56
-.39
.70
-1.63
.11
.53
.60
1.04
.30
.77
.46
.76
.45
1.72
.09
.26
.80
1.35
.18

Table 2. Pearson Correlation Coefficients Among Key Variables
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** Correlation is significant at the .01 level; * Correlation is significant at the .05 level
a. Male = 1, Female = 2
b. Caucasian = 1, Hispanic Latino = 2, Black = 3, Asian = 4, Native American = 5, Other = 6, Multiracial = 7, Unknown = NA
VST = ventral striatum; Amyg = amygdala; L = left; R = right; Ant = anticipation; Fbk = feedback; GMV = gray matter volume

Hierarchical Regression Analyses
Aim 1. To determine if CU traits and/or externalizing behavior are associated with
activation in the VST and amygdala during reward processing (e.g., anticipation
and feedback).
Results of the hierarchical linear regression analysis on reward anticipation are
presented in Tables 3 and 4 for externalizing outcomes and Tables 5 and 6 for CU outcomes with
VST and amygdala responsivity. Reward anticipation-related mean global signals predicted
externalizing (p < .01), callousness (p <.01), and total CU traits (p < .05) after controlling for
age, race, sex, IQ, and puberty. Reward anticipation-related activation in the right amygdala
significantly predicted total CU scores, even after controlling for age, race, sex, IQ, puberty, and
mean global signals, β = -.47, t(25) = -2.09, p < .05. See Figure 3. Reward anticipation-related
activation in the right VST approached statistical significance in predicting callousness (β = -.48,
t(25) = -2.04, p = .052) and total externalizing scores (β = -.44, t(25) = -2.05, p = .051), after
controlling for the covariates, see Figures 4 and 5, respectively. No significant effects were found
for the models that examined the contribution of reward feedback-related brain activation. One
participant had an externalizing score >3 SD above the mean. The only model that was
significant with the outlier removed was the negative association between the right VST during
reward anticipation and externalizing scores, (β = -.67, t(24) = -3.12, p < .01). See
Supplementary Figure 1.
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Table 3. Hierarchical Regression Analyses for Externalizing Outcomes and Reward
Anticipation-related Neural Response in the VST
Left VST
Aggression
Sex
Race
Age
Puberty
IQ
Global Signal
Left VST
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
-.03 (2.48)
.13 .90
.26 (.44)
1.33 .19
-.16 (1.07) -.77 .45
.14 (1.50) -.56 .58
-.50 (.04) -2.99 .01**
.09 (2.62) .54 .59
---.35 (.20)
.35
-.33 (6, 26), p=.06

β (SE)
t
p-value
.02 (2.65)
.08
.94
.28 (.45)
1.40
.17
-.15 (1.09) -.68
.50
-.16 (1.53) -.62
.54
-.48 (.04) -2.73
.01*
.20 (3.91)
.81
.43
-.15 (.96)
-.60
.55
.36 (.18)
.01
9.33 (7, 25), p=.10

Delinquency
Sex
Race
Age
Puberty
IQ
Global Signal
Left VST
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.16 (1.30)
.67 .51
.25 (.23) 1.36 .19
-.15 (.56)
-.77
.45
-.42 (.78) -1.78 .09
-.52 (.02) -3.24 .01**
-.05 (1.37) -.30 .76
---.42 (.28)
.42
-.51 (6, 26), p=.02*

β (SE)
t
p-value
.19 (1.39)
.72
.48
.26 (.24)
1.36
.19
-.15 (.57)
-.71
.48
-.43 (.81)
-1.77
.09
-.51 (.02)
-3.04 .01**
.01 (2.05)
.01 .99
-.07 (.51)
-.29 .78
.42 (.25)
.00
2.55 (7, 25), p=.04*

Externalizing
Sex
Race
Age
Puberty
IQ
Global Signal
Left VST
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.04 (3.54)
.16
.88
.26 (.63)
1.43
.17
-.16 (1.53) -.82
.42
-.25 (2.15) -1.04
.31
-.53 (.05) -3.27
.01**
.04 (3.74) .27
.79
---.39 (.25)
.39
-.42 (6, 26), p=.03*

β (SE)
t
p-value
.08 (3.80)
.32
.75
.28 (.65)
1.48
.15
-.15 (1.56)
-.74
.47
-.27 (2.20) -1.08 .29
-.51 (.05)
-3.02 .01**
.13 (5.61)
.57
.58
-.13 (1.38)
-.53
.60
.40 (.23)
.01
2.37 (7, 25), p=.053
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Right VST
Aggression
Sex
Race
Age
Puberty
IQ
Global Signal
Right VST
R2 (adj R2)
ΔR2
ΔF (df), p
Delinquency
Sex
Race
Age
Puberty
IQ
Global Signal
Right VST
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
-.03 (2.48) .13
.90
.26 (.44)
1.33 .19
-.16 (1.07) -.77 .45
.14 (1.50) -.56 .58
-.50 (.04) -2.99 .01**
.09 (2.62) .54 .59
---.35 (.20)
.35
.41 (6, 26), p=.06

β (SE)
t
p-value
.01 (2.40)
.02
.99
.32 (.43)
1.73
.10
-.15 (1.02) -.77
.45
-.10 (1.44) -.40
.69
-.41 (.04) -2.50
.02*
.38 (3.50) 1.77
.49
-.44 (.93)
-1.94
.06
.43 (.28)
.08
2.73 (7, 25), p=.03*

β (SE)
t
p-value
.16 (1.30)
.67 .51
.25 (.23)
1.36 .19
-.15 (.56)
-.77
.45
-.42 (.78) -1.78 .09
-.52 (.02) -3.24 .01**
-.05 (1.37) -.30 .76
---.42 (.28)
.42
.31 (6, 26), p=.02*

β (SE)
t
p-value
.20 (1.24)
.84
.41
.31 (.22)
1.74
.10
-.15 (.53)
-.77
.45
-.38 (.75) -1.68
.11
-.44 (.02) -2.76
.01**
.22 (1.84) 1.09
.29
-.40 (.49) -1.86
.07
.49 (.34)
.07
3.38 (7, 25), p=.01*

Externalizing
β (SE)
t
p-value
β (SE)
t
p-value
Sex
.04 (3.54) .16
.88
.08 (3.35)
.32
.75
Race
.26 (.63)
1.43
.17
.33 (.60)
1.86
.07
Age
-.16 (1.53) -.82
.42
-.16 (1.44)
-.83
.42
Puberty
-.25 (2.15) -1.04
.31
-.21 (2.04) -.90
.38
IQ
-.53 (.05) -3.27
.01**
-.44 (.05) -2.78
.01**
Global Signal
.04 (3.74) .27
.79
.34 (4.97)
1.65
.11
Right VST
----.44 (1.32) -2.05
.051
2
2
R (adj R )
.39 (.25)
.48 (.33)
ΔR2
.39
.09
ΔF (df), p
.50 (6, 26), p=.03*
3.30 (7, 25), p=.013*
** Significant at the .01 level; * Significant at the .05 level; VST = ventral striatum
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Table 4. Hierarchical Regression Analyses for Externalizing Outcomes and Reward
Anticipation-related Neural Response in the Amygdala
Left Amygdala
Aggression
Sex
Race
Age
Puberty
IQ
Global Signal
Left Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
-.03 (2.48) .13
.90
.26 (.44) 1.33
.19
-.16 (1.07) -.77
.45
.14 (1.50) -.56
.58
-.50 (.04) -2.99
.01**
.09 (2.62) .54
.59
---.35 (.20)
.35
.08 (6, 26), p=.06

β (SE)
t
p-value
.10 (2.55)
.36
.72
.27 (.43)
1.42
.17
-.04 (1.12)
-.18
.86
-.20 (1.49) -.83
.42
-.55 (.04) -3.30
.01**
.33 (3.67)
1.47
.15
-.36 (.94)
-1.51
.14
.40 (.24)
.05
2.40 (7, 25), p=.05*

Delinquency
Sex
Race
Age
Puberty
IQ
Global Signal
Left Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.16 (1.30)
.67 .51
.25 (.23) 1.36 .19
-.15 (.56)
-.77
.45
-.42 (.78) -1.78 .09
-.52 (.02) -3.24 .01**
-.05 (1.37) -.30 .76
---.42 (.28)
.42
-.47 (6, 26), p=.02*

β (SE)
t
p-value
.21 (1.38)
.83
.42
.25 (.23)
1.37
.18
-.10 (.61)
-.48
.64
-.45 (.81) -1.84
.08
-.54 (.02) -3.27
.01**
.05 (1.99)
.24
.81
-.15 (.51)
-.63
.54
.42 (.26)
.00
3.38 (7, 25), p=.04*

Externalizing
Sex
Race
Age
Puberty
IQ
Global Signal
Left Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.04 (3.54) .16
.88
.26 (.63)
1.43
.17
-.16 (1.53) -.82
.42
-.25 (2.15) -1.04
.31
-.53 (.05) -3.27
.01**
.04 (3.74) .27
.79
---.39 (.25)
.39
-.10 (6, 26), p=.03*

β (SE)
t
p-value
.14 (3.70)
.56
.58
.27 (.62)
1.49
.15
-.07 (1.62)
-.30
.77
-.30 (2.16)
-1.26 .22
-.57 (.05)
-3.50 .01**
.25 (5.32)
1.11
.28
-.30 (1.36)
-1.28 .21
.43 (.27)
.09
2.69 (7, 25), p=.03*
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Right Amygdala
Aggression
Sex
Race
Age
Puberty
IQ
Global Signal
Right Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
-.03 (2.48) .13
.90
.26 (.44)
1.33 .19
-.16 (1.07) -.77
.45
.14 (1.50) -.56 .58
-.50 (.04) -2.99 .01**
.09 (2.62) .54 .59
---.35 (.20)
.35
.15 (6, 26), p=.06

β (SE)
t
p-value
.06 (2.47)
.24
.81
.34 (.45)
1.77
.09
-.04 (1.11)
-.19
.85
-.20 (1.48) -.83
.42
-.51 (.04) -3.14
.01**
.29 (3.26) 1.43
.16
-.33 (.90)
-1.59
.12
.41 (.24)
.06
2.47 (7, 25), p=.05*

Delinquency
Sex
Race
Age
Puberty
IQ
Global Signal
Right Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.16 (1.30)
.67 .51
.25 (.23)
1.36 .19
-.15 (.56)
-.77
.45
-.42 (.78) -1.78 .09
-.52 (.02) -3.24 .01**
-.05 (1.37) -.30 .76
---.42 (.28)
.42
-.14 (6, 26), p=.02*

β (SE)
t
p-value
.23 (1.31)
.95
.35
.31 (.24)
1.68
.11
-.06 (.59)
-.29
.77
-.47 (.79)
-1.99
.06
-.53 (.02) -3.33
.01**
.11 (1.73)
.55
.59
-.25 (.48)
-1.27
.22
.45 (.29)
.03
2.93 (7, 25), p=.02*

Externalizing
β (SE)
t
p-value
Sex
.04 (3.54) .16
.88
Race
.26 (.63)
1.43
.17
Age
-.16 (1.53) -.82
.42
Puberty
-.25 (2.15) -1.04
.31
IQ
-.53 (.05) -3.27
.01**
Global Signal
.04 (3.74) .27
.79
Right Amygdala
---2
2
R (adj R )
.39 (.25)
ΔR2
.39
ΔF (df), p
.10 (6, 26), p=.03*
** Significant at the .01 level; * Significant at the .05 level

β (SE)
t
p-value
.13 (3.54)
.52
.61
.35 (.64)
1.86
.08
-.05 (1.58)
-.24
.81
-.31 (2.12) -1.32
.20
-.54 (.05) -3.43
.01**
.24 (4.66) 1.21
.24
-.31 (1.29) -1.58
.13
.45 (.27)
.06
2.69 (7, 25), p=.02*
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Table 5. Hierarchical Regression Analyses for CU Outcomes and Reward Anticipation-related
Neural Response in the VST
Left VST
Callousness
Sex
Race
Age
Puberty
IQ
Global Signal
Left VST
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
-.03 (1.94) -.11
.91
.11 (.34)
.53
.60
-.15 (.84)
-.69 .50
-.22 (1.18) -.84 .41
-.29 (.03) -1.60 .12
.32 (2.05) 1.87 .07
---.28 (.11)
. 28
-.10 (6, 26), p=.18

β (SE)
t
p-value
.06 (2.05)
.22
.83
.14 (.35)
.69
.50
-.13 (.84)
-.57
.58
-.25 (1.12)
-.95
.35
-.25 (.03)
-1.36
.19
.50 (3.03) 1.99
.06
-.26 (.75)
-.97
.34
.30 (.11)
.02
1.54 (7, 25), p=.19

Uncaring
Sex
Race
Age
Puberty
IQ
Global Signal
Left VST
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
-.03 (3.25) -.09 .93
.04 (.58)
.18
.86
-.02 (1.40) -.10 .92
-.21 (1.97) -.75 .46
-.32 (.05) -1.68 .11
.18 (3.43) .98 .34
---.17 (-.02)
.17
-.06 (6, 26), p=.50

β (SE)
t
p-value
.05 (3.47)
.16
.87
.07 (.59)
.30
.77
-.01 (1.43)
-.01
.99
-.24 (2.01)
-.83
.42
-.28 (.05)
-1.45
.16
.33 (5.12)
1.21
.24
-.21 (1.26)
-.75
.46
.19 (-.04)
.02
.85 (7, 25), p=.56

Unemotional
Sex
Race
Age
Puberty
IQ
Global Signal
Left VST
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.16 (1.94)
.55
.59
.19 (.34)
.89
.38
.53 (.84) 2.24
.03*
-.12 (1.18) -.41
.68
.03 (.03)
.18
.86
.08 (2.05) .42
.68
---.17 (-.02)
.17
.05 (6, 26), p=.50

β (SE)
t
p-value
.27 (2.04)
.88
.39
.23 (.35)
1.06
.30
.57 (.84)
2.37
.03*
-.15 (1.18) -.55
.59
.08 (.03)
.42
.68
.30 (3.01) 1.10
.28
-.31 (.74)
-.10
.28
.21 (-.01)
.04
.97 (7, 25), p=.48

CU
Sex
Race
Age
Puberty
IQ
Global Signal
Left VST

β (SE)
.03 (5.74)
.13 (1.02)
.11 (2.48)
-.24 (3.48)
-.27 (.08)
.24 (6.06)
--

β (SE)
.27 (2.04)
.23 (.35)
.57 (.84)
-.15 (1.18)
.08 (.03)
.30 (3.01)
-.31 (.74)

t
.10
.58
.47
-.85
-1.44
1.33
--
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p-value
.92
.57
.64
.41
.16
.20
--

t
.88
1.06
2.37
-.55
.42
1.10
-.10

p-value
.39
.30
.03*
.59
.68
.28
.28

R2 (adj R2)
ΔR2
ΔF (df), p

.16 (-.03)
.16
.07 (6, 26), p=.54

.21 (-.02)
.05
.92 (7, 25), p=.51

Right VST
Callousness
Sex
Race
Age
Puberty
IQ
Global Signal
Right VST
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
-.03 (1.94) -.11
.91
.11 (.34)
.53
.60
-.15 (.84) -.69
.50
-.22 (1.18) -.84 .41
-.29 (.03) -1.60 .12
.32 (2.05) 1.87 .07
---.28 (.11)
.28
.52 (6, 26), p=.18

β (SE)
t
p-value
.01 (1.84)
.04
.97
.18 (.33)
.92
.37
-.14 (.79)
-.70
.49
-.17 (1.12)
-.69
.50
-.19 (.03)
-1.11
.28
.65 (2.72)
2.84
.01**
-.48 (.72) -2.04
.052
.38 (.20)
.10
2.17 (7, 25), p=.07

Uncaring
Sex
Race
Age
Puberty
IQ
Global Signal
Right VST
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
-.03 (3.25) -.09 .93
.04 (.58)
.18
.86
-.02 (1.40) -.10 .92
-.21 (1.97) -.75 .46
-.32 (.05) -1.68 .11
.18 (3.43) .98
.34
---.17 (-.02)
.17
.02 (6, 26), p=.50

β (SE)
t
p-value
-.01 (3.26)
-.01
.99
.08 (.59)
.36
.72
-.02 (1.40) -.08
.94
-.18 (1.98)
-.65
.52
-.26 (.05) -1.34
.19
.36 (4.83) 1.40
.17
-.27 (1.28) -1.01
.32
.21 (-.02)
.03
.93 (7, 25), p=.50

Unemotional
Sex
Race
Age
Puberty
IQ
Global Signal
Right VST
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.16 (1.94) .55 .59
.19 (.34)
.89 .38
.53 (.84) 2.24 .03*
-.12 (1.18) -.41
.68
.03 (.03) .18
.86
.08 (2.05) .42
.68
---.17 (-.02)
.17
-.10 (6, 26), p=.50

β (SE)
t
p-value
.17 (1.97)
.59
.56
.22 (.35)
.98
.34
.53 (.85)
2.22
.04*
-.10 (1.20)
-.34
.73
.07 (.03)
.34
.74
.19 (2.92)
.74
.47
-.17 (.77)
-.63
.54
.19 (-.01)
.02
.82 (7, 25), p=.58

CU
Sex
Race
Age
Puberty
IQ
Global Signal
Right VST

β (SE)
t
.03 (5.74)
.10
.13 (1.02)
.58
.11 (2.48)
.47
-.24 (3.48) -.85
-.27 (.08) -1.44
.24 (6.06) 1.33
---

β (SE)
t
.06 (5.63)
.22
.18 (1.01)
.85
.12 (2.43)
.51
-.20 (3.43) -.72
-.20 (.09) -1.02
.50 (8.35) 2.00
-.38 (2.12) -1.47
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p-value
.92
.57
.64
.41
.16
.20
--

p-value
.83
.40
.62
.48
.32
.06
.16

R2 (adj R2)
.16 (-.03)
.23 (.02)
ΔR2
.16
.07
ΔF (df), p
.22 (6, 26), p=.54
1.07 (7, 25), p=.41
** Significant at the .01 level; * Significant at the .05 level; VST = ventral striatum
Table 6. Hierarchical Regression Analyses for CU Outcomes and Reward Anticipation-related
Neural Response in the Amygdala
Left Amygdala
Callousness
Sex
Race
Age
Puberty
IQ
Global Signal
Left Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
-.03 (1.94) -.11
.91
.11 (.34)
.53
.60
-.15 (.84)
-.69 .50
-.22 (1.18) -.84 .41
-.29 (.03) -1.60 .12
.32 (2.05) 1.87 .07
---.28 (.11)
.28
-.24 (6, 26), p=.18

β (SE)
t
p-value
-.08 (2.08) -.27
.79
.10 (.35)
.50
.62
-.20 (.91)
-.83
.42
-.20 (1.21)
-.72
.48
-.27 (.03) -1.47
.16
.23 (2.99)
.91
.37
.14 (.76)
.53
.60
.28 (.08)
.00
1.41 (7, 25), p=.25

Uncaring
Sex
Race
Age
Puberty
IQ
Global Signal
Left Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
-.03 (3.25) -.09 .93
.04 (.58)
.18
.86
-.02 (1.40) -.10 .92
-.21 (1.97) -.75 .46
-.32 (.05) -1.68 .11
.18 (3.43) .98 .34
---.17 (-.02)
.17
-.03 (6, 26), p=.50

β (SE)
t
p-value
.06 (3.45)
.20
.84
.05 (.58)
.21
.84
.06 (1.52)
.23
.82
-.25 (2.01)
-.88
.39
-.35 (.05)
-1.82
.08
.34 (4.96)
1.31
.20
-.24 (1.27)
-.88
.39
.20 (-.03)
.03
.88 (7, 25), p=.53

Unemotional
Sex
Race
Age
Puberty
IQ
Global Signal
Left Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.16 (1.94)
.55
.59
.19 (.34)
.89
.38
.53 (.84) 2.24
.03*
-.12 (1.18) -.41
.68
.03 (.03)
.18
.86
.08 (2.05) .42
.68
---.17 (-.02)
.17
-.16 (6, 26), p=.50

β (SE)
t
p-value
.16 (2.09)
.53
.60
.19 (.35)
.87
.39
.53 (.92)
2.07
.05*
-.12 (1.22)
-.41
.69
.03 (.03)
.16
.88
.09 (3.00)
.33
.74
-.02 (.77)
-.06
.95
.21 (-.06)
.04
.76 (7, 25), p=.63

CU
Sex
Race

β (SE)
.03 (5.74)
.13 (1.02)

t
.10
.58
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p-value
.92
.57

β (SE)
.06 (6.17)
.13 (1.04)

t
.20
.58

p-value
.84
.57

Age
Puberty
IQ
Global Signal
Left Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

.11 (2.48)
.47
.64
-.24 (3.48) -.85
.41
-.27 (.08) -1.44
.16
.24 (6.06) 1.33
.20
---.16 (-.03)
.16
-.13 (6, 26), p=.54

.14 (2.71)
.55
.59
-.26 (3.60) -.88
.39
-.29 (.09)
-1.46
.16
.31 (8.87)
1.15
.26
-.09 (2.27)
-.33
.74
.17 (-.07)
.01
.72 (7, 25), p=.66

Right Amygdala
Callousness
Sex
Race
Age
Puberty
IQ
Global Signal
Right Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
-.03 (1.94) -.11
.91
.11 (.34)
.53
.60
-.15 (.84)
-.69 .50
-.22 (1.18) -.84 .41
-.29 (.03) -1.60 .12
.32 (2.05) 1.87 .07
---.28 (.11)
.28
.17 (6, 26), p=.18

β (SE)
t
p-value
.07 (1.94)
.24
.81
.19 (.35)
.95
.35
-.03 (.87)
-.14
.89
-.28 (1.16) -1.10
.28
-.30 (.03) -1.74
.10
.52 (2.56) 2.45
.02*
-.33 (.71)
-1.52
.14
.34 (.15)
.06
1.81 (7, 25), p=.13

Uncaring
Sex
Race
Age
Puberty
IQ
Global Signal
Right Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
-.03 (3.25) -.09 .93
.04 (.58)
.18
.86
-.02 (1.40) -.10
.92
-.21 (1.97) -.75
.46
-.32 (.05) -1.68 .11
.18 (3.43) .98
.34
---.17 (-.02)
.17
.27 (6, 26), p=.50

β (SE)
t
p-value
.08 (3.25)
.28
.78
.14 (.58)
.62
.54
.11 (1.45)
.45
.66
-.28 (1.95) -1.02
.32
-.33 (.05) -1.79
.09
.40 (4.28) 1.77
.09
-.37 (1.18) -1.58
.13
.25 (.04)
.08
1.18 (7, 25), p=.35

Unemotional
Sex
Race
Age
Puberty
IQ
Global Signal
Right Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.16 (1.94)
.55
.59
.19 (.34)
.89
.38
.53 (.84)
2.24 .03*
-.12 (1.18) -.41
.68
.03 (.03)
.18
.86
.08 (2.05) .42
.68
---.17 (-.02)
.17
.41 (6, 26), p=.50

β (SE)
t
p-value
.28 (1.91)
.98
.34
.30 (.34)
1.40
.17
.68 (.85)
2.82 .01**
-.20 (1.14)
-.72
.48
.02 (.03)
.11
.92
.33 (2.52)
1.49
.15
-.42 (.69)
-1.83 .08
.21 (.07)
.04
1.33 (7, 25), p=.28
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CU
β (SE)
t
p-value
Sex
.03 (5.74) .10
.92
Race
.13 (1.02)
.58
.57
Age
.11 (2.48)
.47
.64
Puberty
-.24 (3.48) -.85
.41
IQ
-.27 (.08) -1.44
.16
Global Signal
.24 (6.06) 1.33
.20
Right Amygdala
---R2 (adj R2)
.16 (-.03)
ΔR2
.16
ΔF (df), p
.59 (6, 26), p=.54
** Significant at the .01 level; * Significant at the .05 level
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β (SE)
t
p-value
.16 (5.55)
.58
.56
.25 (1.00)
1.18
.25
.28 (2.48)
1.19
.25
.33 (3.32) -1.23
.23
-.29 (.08)
-1.62
.12
.53 (7.31)
2.14
.02*
-.47 (2.02) -2.09 .05*
.29 (.09)
.13
1.44 (7, 25), p=.23

Figure 3. Association between reward anticipation-related right amygdala activation and total
CU traits.

Figure 4. Marginally significant associations between reward anticipation-related right VST
activation and callousness.
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Figure 5, Marginally significant associations between reward anticipation-related right VST
activation and externalizing behavior.
Aim 2. To determine if CU traits and/or externalizing behavior are associated with
activation in the VST and amygdala during punishment processing (e.g.,
punishment anticipation and feedback).
There was a significant association between global signal during punishment
anticipation on unemotional traits, β = .43, t(26) = 2.58, p < .05; and total CU, β = .43, t(26) =
2.46, p < .05. However, there were no significant effects of punishment anticipation or feedbackrelated activation in either the VST or amygdala in predicting CU or externalizing outcomes.

Discussion
The current experiment investigated the functional neural correlates of reward and
punishment processing in relation to externalizing behavior and CU traits in a group of healthy,
non-incarcerated youth. While the findings from Aim 1 did not support the hypothesis of hyperresponsivity to reward in relation to externalizing and CU tendencies, there was evidence for the
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theoretical framework that youth with CU and externalizing tendencies have suboptimal brain
function during the anticipation of a reward.
Aim 1a. To determine if CU traits and/or externalizing behavior are associated
with activation in the VST and amygdala during reward processing.
The results of Aim 1a were inconsistent with the hypothesis that higher CU and
externalizing tendencies would associated with neural hyper-responsivity to reward
anticipation, and feedback. Instead, we found that right amygdala activation during reward
anticipation was negatively linked to total CU traits. We also observed similar findings for
reward anticipation in the right VST with the callousness subscale and externalizing behavior,
although the associations were only marginally significant (p-values slightly over .05).
Interestingly, we found that the significant associations we found with externalizing behaviors,
CU traits and reward anticipatory brain responses were in the negative direction, contrary to
findings from our initial pilot, which reported a positive association between reward-related
VST response and CU traits (Huang et al., 2019). Prior work has also reported inconsistent
findings, such that Murray et al. (2017) reported reduced VST response during reward
anticipation in relation to antisocial behavior, but not CU traits. Cohn et al. (2015) and Hawes et
al. (2020) reported findings that showed increased amygdala and NAcc activity in relation to
reward feedback. Though significant reward anticipation results were found, findings for reward
feedback-related activation could not be replicated, possibly due to a smaller number of reward
feedback trials (at 66%, approximately n = 10) available relative to anticipation (n = 15) per task
run.
Aim 1b. To determine if CU traits and/or externalizing behavior are associated
with activation in the VST and amygdala during punishment processing.
There was also no evidence to support the hypothesis for Aim 1b (e.g., neural hyporesponsivity to punishment anticipation and feedback). We did not find significant results for
punishment anticipation or feedback, although our pilot study found negative associations
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between externalizing behavior and punishment-related activation in the amygdala (Huang et
al., 2019). This may be due to a smaller number of punishment trials and an already small
sample size that made it difficult to detect any effect. It is worth noting that we used different
machinery in the pilot study and our sample was approximately 2 years older than those
included in this current study, so differences in findings could be related to developmental
changes. Moreover, the MID has more frequently been used for evaluating reward rather than
punishment-related processes (Oldham et al., 2018) and may be less sensitive to neural
responsivity to punishment. We did however, find an association between unemotional, CU total
scores and mean global signal during punishment anticipation, potentially suggesting the
involvement of other brain regions in this process.
All in all, our results provide further evidence that functional neural alterations during
reward anticipation-related are characteristic of individuals with externalizing behavior and CU
traits. We were unable to provide support for the hypo-reactivity to punishment hypothesis. A
limitation of our study is the smaller sample size that limited statistical power. Additionally, in
the paradigm we used utilized only small monetary rewards/punishments ($2) and therefore we
were unable to assess other types of reward or punishment (e.g., social reward) or ones that
were more salient (e.g., larger monetary amounts), which could in theory elicit more neural
responses or potentially yield results consistent with the hyper-responsivity to reward
hypothesis. Our sample also consisted of relatively healthy youth from the community, who are
less likely to have more pronounced neural alterations.
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Chapter 5.2: Aim 2
The objective of Aim 2 was to investigate whether CU traits and externalizing tendencies
were linked to altered brain structure in regions involved in reward and punishment processing
in a non-clinical, non-incarcerated sample of adolescents. Using structural brain imaging, gray
matter volumes (GMV) in brain regions implicated in reward and punishment processing were
examined in relation to CU traits and externalizing behavior in adolescents.
Aim 2a. To determine if externalizing behaviors are associated with altered GMV in the
caudate, putamen, and amygdala.
Hypothesis 2a. Externalizing behavior would be associated with reductions in GMV in
the caudate, putamen, and amygdala.
Aim 2b. To determine if CU traits are associated with altered GMV in the caudate,
putamen, and amygdala.
Hypothesis 2b. CU traits would be associated with GMV in the aforementioned
regions, but with no expectations for directionality due to inconsistent previous work.
Statistical Analysis
The relationship among externalizing behavior and CU traits and sex, race, age, puberty,
and IQ were examined using Pearson’s correlation (see Table 2). Hierarchical regression was
used to determine whether externalizing and CU tendencies could be predicted by neural
alterations. The focal outcome variable of interest (e.g., externalizing behavior, CU traits) was
entered as the dependent variable, while the independent variable was GMV in the focal ROI
(e.g., amygdala, caudate, putamen) along with the demographic variables and whole brain
volumes as covariates for each regression model.

Results
Descriptive Statistics, Sex Differences, and Pearson Correlations
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Means for demographic variables, externalizing behavior, CU traits, and GMV are
presented in Table 7. Similar to the results of Aim 1, male and female participants differed
significantly in terms of age and puberty (p’s <.02). However, no significant sex differences were
detected amongst externalizing behavior and CU traits, and therefore, the subsequent analyses
were not separated out by sex. Correlations among the key variables are presented in Table 2.
GMV across all brain ROIs were significantly moderately negatively correlated with sex (r’s -.34
to -.66, p’s < .05), such that males had less GMV overall which is consistent with prior research
(Luders, Gaser, Narr, & Toga, 2009). As expected, GMV across ROIs were also significantly
positively correlated. Externalizing behaviors were significantly correlated with most of the CU
traits measures.
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Table 7. Descriptive Statistics among Key Variables in the sMRI Dataset
Race Breakdown
Caucasian
Hispanic/Latino
Black
Asian
Native American
Other
Multiracial
Unknown
Key variables
Age
Puberty
IQ
Aggression
Delinquency
Externalizing Total
Callousness
Uncaring
Unemotional
CU Total

(n, %)
5, 11.4%
6, 13.6%
13, 36.4%
1, 2.3%
1, 2.3%
2, 4.5%
9, 20.5%
4, 9.1%
All (n = 44)
Mean
SD
13.98
.88
4.05
.82
90.39
23.59
3.57
4.39
1.91
2.49
5.48
6.44
4.18
3.27
9.12
5.92
5.91
3.21
19.21
9.81

Range
12-16
3-5
5-141
0-22
0-13
0-35
0-12
0-20
0-12
0-39

Males (n = 26)
Mean
SD
14.23
.91
3.62
.57
88.15
22.32
3.28
4.76
2.08
2.76
5.35
7.13
4.23
3.40
10.27
6.00
6.04
3.32
20.54
9.41

Range
12-16
3-5
51-141
0-22
0-13
0-35
0-12
0-20
0-12
5-39

Females (n = 18)
Mean
SD
13.61
.70
4.71
.69
93.61
25.61
4.01
3.88
1.67
2.09
5.67
5.50
4.11
3.16
7.44
5.53
5.72
3.12
17.28
10.32

Range
12-15
3-5
52-140
0-13
0-7
0-17
0-10
0-18
0-12
0-38

Sex difference
t
p
1.65
.11
-5.89
<.01**
-.59
.56
.53
.60
1.04
.30
.77
.46
.76
.45
1.72
.09
.26
.80
1.35
.18
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Hierarchical Regression Analysis
Aim 2a. To determine if externalizing behaviors are associated with altered GMV
in the caudate, putamen, and amygdala.
Externalizing measures and brain volumes
The results of the hierarchical linear regression analysis between externalizing behaviors
and GMV in the amygdala, caudate, and putamen, are presented in Tables 8-10 (lefthemisphere) and Tables 11-13 (right-hemisphere). IQ was significantly associated with
aggressive, delinquent, and externalizing behaviors across all models (p’s <.05). After
controlling for age, race, sex, IQ, puberty, and whole brain volumes, we found that externalizing
behavior was significantly associated with GMV in the left, β = .42, t(31) = 2.38, p < .05, and
right caudate, β = .47, t(31) = 2.75, p < .01, see Figures 6a and 6b; and right putamen, β = .49,
t(31) = 2.21, p < .05. See Figure 7a. Similarly, aggression was significantly associated with GMV
in the left, β = .42, t(31) = 2.33, p < .05; and right caudate, β = .48, t(31) = 2.79, p < .01, see
Figures 8a-8b; as well as the left, β = .45, and right putamen, β = .53, t(31) = 2.39, p < .05. See
Figures 9a and 9b. Delinquency was significantly associated with GMV in the right caudate, β =
.36, t(31) = 2.07, p < .05. See Figure 10. After excluding the externalizing behavior outlier, the
following associations remained significant: externalizing behavior with GMV in the left, β =
.60, t(30) = 2.61, p < .05, and right putamen, β = .52, t(30) = 2.46, p < .05, see Supplementary
Figure 2a-2b; and aggressive behavior with GMV in the left, β = .60, t(30) = 2.90, p < .01, and
right putamen, β = .63, t(30) = 2.73, p < .05. See Supplementary Figures 3a-3b. The associations
between aggression and caudate became insignificant after the outlier was excluded.
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Table 8. Hierarchical Regression Analyses between GMV of the Left Amygdala and
Externalizing Measures
Left Amygdala
Aggression
Sex
Race
Age
Puberty
IQ
Whole Brain GMV
Left Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.09 (2.53)
.32 .75
.21 (.41)
1.12
.27
-.19 (1.02) -.90 .37
-.18 (1.33) -.78 .41
-.37 (.04) -2.07 .05*
-.09 (.00) -.40 .69
---.24 (.08)
.24
-.26 (6, 32), p=.20

β (SE)
t
p-value
.10 (2.67)
.33
.75
.21 (.42)
1.10
.28
-.18 (1.05)
-.86
.39
-.18 (1.36)
-.76
.46
-.37 (.04) -2.04
.05*
-.10 (.00)
-.39
.70
.02 (.01)
-.08
.94
.24 (.05)
.00
1.28 (7, 31), p=.29

Delinquency
Sex
Race
Age
Puberty
IQ
Whole Brain GMV
Left Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.13 (1.36)
.50 .62
.19 (.23)
1.06 .30
-.19 (.56)
-.95 .35
-.38 (.73) -1.70 .10
-.40 (.02) -2.35 .03*
-.01 (.00) -.02 .99
---.29 (.15)
.29
-.36 (6, 32), p=.08

β (SE)
t
p-value
.12 (1.46)
.44
.66
.19 (.23)
1.04
.31
-.19 (.57)
-.94
.35
.36 (.74)
-1.67
.11
-.40 (.02) -2.30
.03*
.01 (.00)
.02
.99
-.02 (.01)
-.11
.92
.29 (.13)
.00
1.78 (7, 31), p=.13

Externalizing
β (SE)
t
p-value
Sex
.11 (3.64)
.41
.68
Race
.22 (.59)
1.18
.25
Age
-.20 (1.47) -.99
.33
Puberty
-.27 (1.91) -1.19
.25
IQ
-.40 (.05) -2.33
.03*
Whole Brain GMV
-.06 (.00) -.28
.78
Left Amygdala
---R2 (adj R2)
.26 (.13)
ΔR2
.26
ΔF (df), p
-.33 (6, 32), p=.11
** Significant at the .01 level; * Significant at the .05 level

β (SE)
t
p-value
.11 (3.85)
.39
.70
.22 (.60)
1.16
.26
-.20 (1.51) -.96
.35
-.27 (1.96) -1.16
.26
-.40 (.05) -2.29
.03*
-.07 (.00)
-.27
.79
.01 (.01)
.01
.99
.26 (.10)
.00
2.37 (7, 31), p=.18
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Table 9. Hierarchical Regression Analyses between GMV of the Left Caudate and Externalizing
Measures
Left Caudate
Aggression
Sex
Race
Age
Puberty
IQ
Whole Brain GMV
Left Caudate
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.09 (2.53)
.32 .75
.21 (.41)
1.12
.27
-.19 (1.02) -.90 .37
-.18 (1.33) -.78 .41
-.37 (.04) -2.07 .05*
-.09 (.00)
-.40 .69
---.24 (.08)
.24
.74 (6, 32), p=.20

β (SE)
t
p-value
.06 (2.37)
.24
.82
.28 (.39)
1.55
.13
-.16 (.96)
-.81
.43
-.24 (1.25) -1.10
.28
-.36 (.03)
-2.16
.04*
-.38 (.00)
-1.52
.14
.42 (.01)
2.33 .03*
.34 (.19)
.10
2.28 (7, 31), p=.054

Delinquency
Sex
Race
Age
Puberty
IQ
Whole Brain GMV
Left Caudate
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.13 (1.36)
.50 .62
.19 (.23)
1.06 .30
-.19 (.56)
-.95 .35
-.38 (.73) -1.70 .10
-.40 (.02) -2.35 .03*
-.01 (.00) -.02 .99
---.29 (.15)
.29
.39 (6, 32), p=.08

β (SE)
t
p-value
.11 (1.33)
.42
.67
.25 (.22)
1.39
.17
-.16 (.53)
-.86
.40
-.43 (.70) -1.98
.06
-.39 (.02) -2.41
.02*
-.24 (.00)
-.97
.34
.34 (.01)
1.94
.06
.36 (.22)
.07
2.53 (7, 31), p=.04*

Externalizing
β (SE)
t
p-value
Sex
.11 (3.64)
.41
.68
Race
.22 (.59)
1.18
.25
Age
-.20 (1.47) -.99 .33
Puberty
-.27 (1.91) -1.19 .25
IQ
-.40 (.05) -2.33 .03*
Whole Brain GMV
-.06 (.00) -.28 .78
Left Caudate
---R2 (adj R2)
.26 (.13)
ΔR2
.26
ΔF (df), p
.77 (6, 32), p=.11
** Significant at the .01 level; * Significant at the .05 level

β (SE)
t
p-value
.08 (3.41)
.33
.75
.26 (.56)
1.62
.12
-.17 (1.37)
-.90
.38
-.33 (1.80) -1.53
.14
-.39 (.05)
-2.44 .02*
-.35 (.00)
-1.44 .16
.42 (.01)
2.38 .02*
.38 (.24)
.12
2.68 (7, 31), p=.03*
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Table 10. Hierarchical Regression Analyses between GMV of the Left Putamen and
Externalizing Measures
Left Putamen
Aggression
Sex
Race
Age
Puberty
IQ
Whole Brain GMV
Left Putamen
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.09 (2.53) .32
.75
.21 (.41)
1.12
.27
-.19 (1.02) -.90 .37
-.18 (1.33) -.78 .41
-.37 (.04) -2.07 .05*
-.09 (.00) -.40 .69
---.24 (.08)
.24
.65 (6, 32), p=.20

β (SE)
t
p-value
.25 (2.48)
.94
.36
.20 (.39)
1.14
.26
-.17 (.96)
-.88
.38
-.28 (1.28) -1.25
.22
-.38 (.03) -2.28
.03*
-.34 (.00) -1.39
.18
.45 (.01) 2.22
.03*
.33 (.18)
.09
2.19 (7, 31), p=.06

Delinquency
Sex
Race
Age
Puberty
IQ
Whole Brain GMV
Left Putamen
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.13 (1.36)
.50
.62
.19 (.23)
1.06 .30
-.19 (.56)
-.95 .35
-.38 (.73) -1.70
.10
-.40 (.02) -2.35
.03*
-.01 (.00) -.02
.99
---.29 (.15)
.29
-.25 (6, 32), p=.08

β (SE)
t
p-value
.19 (1.45)
.68
.50
.19 (.23)
1.04
.31
-.16 (.56)
-.92
.37
-.41 (.75)
-1.80
.08
-.41 (.02) -2.36
.03*
-.09 (.00)
-.36
.72
.16 (.01)
.75
.46
.30 (.14)
.01
1.89 (7, 31), p=.11

Externalizing
β (SE)
t
p-value
Sex
.11 (3.64)
.41
.68
Race
.22 (.59)
1.18
.25
Age
-.20 (1.47) -.99
.33
Puberty
-.27 (1.91) -1.19
.25
IQ
-.40 (.05) -2.33
.03*
Whole Brain GMV
-.06 (.00) -.28
.78
Left Putamen
---2
2
R (adj R )
.26 (.13)
ΔR2
.26
ΔF (df), p
.30 (6, 32), p=.11
** Significant at the .01 level; * Significant at the .05 level

β (SE)
t
p-value
.24 (3.66)
.90
.37
.21 (.57)
1.18
.25
-.19 (1.42) -.96
.34
-.35 (1.89) -1.56
.13
-.41 (.05) -2.48
.02*
-.27 (.00) -1.08
.29
.37 (.01)
1.80
.08
.33 (.18)
.07
2.21 (7, 31), p=.06
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Table 11. Hierarchical Regression Analyses between GMV of Right Amygdala and
Externalizing Measures
Right Amygdala
Aggression
Sex
Race
Age
Puberty
IQ
Whole Brain GMV
Right Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.09 (2.53)
.32 .75
.21 (.41)
1.12
.27
-.19 (1.02) -.90 .37
-.18 (1.33) -.78 .41
-.37 (.04) -2.07 .05*
-.09 (.00) -.40 .69
---.24 (.08)
.24
.04 (6, 32), p=.20

β (SE)
t
p-value
.14 (2.52)
.51
.61
.18 (.41)
.95
.35
-.22 (1.01) -1.08
.29
-.16 (1.32) -.70
.49
-.39 (.03) -2.20
.03*
-.34 (.00) -1.14
.26
.36 (.01)
1.32
.20
.27 (.10)
.03
1.60 (7, 31), p=.17

Delinquency
Sex
Race
Age
Puberty
IQ
Whole Brain GMV
Right Amygdala
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.13 (1.36)
.50 .62
.19 (.23)
1.06 .30
-.19 (.56)
-.95 .35
-.38 (.73) -1.70 .10
-.40 (.02) -2.35 .03*
-.01 (.00) -.02 .99
---.29 (.15)
.29
-.23 (6, 32), p=.08

β (SE)
t
p-value
.16 (1.40)
.61
.65
.17 (.23)
.94
.36
-.21 (.56)
-.94
.30
-.37 (.73) -1.05
.11
-.41 (.02) -1.63
.02*
-.15 (.00) -2.41
.60
.22 (.01)
-.53
.42
.30 (.14)
.01
1.91 (7, 31), p=.10

Externalizing
β (SE)
t
p-value
Sex
.11 (3.64)
.41
.68
Race
.22 (.59) 1.18
.25
Age
-.20 (1.47) -.99
.33
Puberty
-.27 (1.91) -1.19
.25
IQ
-.40 (.05) -2.33
.03*
Whole Brain GMV
-.06 (.00) -.28
.78
Right Amygdala
---R2 (adj R2)
.26 (.13)
ΔR2
.26
ΔF (df), p
-.03 (6, 32), p=.11
** Significant at the .01 level; * Significant at the .05 level

β (SE)
t
p-value
.16 (3.65)
.59
.56
.19 (.59)
1.02
.32
-.23 (1.47)
-1.15 .26
-.25 (1.90)
-.11
.28
-.42 (.05)
-2.45 .02*
-.29 (.00)
-.99
.33
.33 (.01)
1.23
.23
.30 (.14)
.04
1.88 (7, 31), p=.11
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Table 12. Hierarchical Regression Analyses between GMV of Right Caudate and Externalizing
Measures
Right Caudate
Aggression
Sex
Race
Age
Puberty
IQ
Whole Brain GMV
Right Caudate
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.09 (2.53) .32
.75
.21 (.41)
1.12
.27
-.19 (1.02) -.90 .37
-.18 (1.33) -.78 .41
-.37 (.04) -2.07 .05*
-.09 (.00) -.40 .69
---.24 (.08)
.24
1.17 (6, 32), p=.20

β (SE)
t
p-value
.07 (2.30)
.29
.78
.29 (.38)
1.68
.10
-.19 (.92)
-.99
.33
-.23 (1.21)
-1.06 .30
-.36 (.03)
-2.24 .03*
-.39 (.00)
-1.65
.11
.48 (.01) 2.79
.01**
.38 (.24)
.14
2.71 (7, 31), p=.03*

Delinquency
Sex
Race
Age
Puberty
IQ
Whole Brain GMV
Right Caudate
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.13 (1.36)
.50
.62
.19 (.23)
1.06 .30
-.19 (.56)
-.95 .35
-.38 (.73)
-1.70 .10
-.40 (.02) -2.35 .03*
-.01 (.00) -.02 .99
---.29 (.15)
.29
.50 (6, 32), p=.08

β (SE)
t
p-value
.12 (1.32)
.47
.64
.25 (.22)
1.44
.16
-.19 (.53)
-.99
.33
-.41 (.69) -1.92
.06
-.40 (.02) -2.44
.02*
-.23 (.00)
-.95
.35
.36 (.01) 2.07
.05*
.37 (.23)
.08
2.64 (7, 31), p=.03*

Externalizing
β (SE)
t
p-value
Sex
.11 (3.64)
.41
.68
Race
.22 (.59) 1.18
.25
Age
-.20 (1.47) -.99
.33
Puberty
-.27 (1.91) -1.19
.25
IQ
-.40 (.05) -2.33
.03*
Whole Brain GMV
-.06 (.00) -.28
.78
Right Caudate
---R2 (adj R2)
.26 (.13)
ΔR2
.26
ΔF (df), p
1.14 (6, 32), p=.11
** Significant at the .01 level; * Significant at the .05 level

β (SE)
t
p-value
.09 (3.32)
.38
.70
.30 (.55)
1.74
.09
-.20 (1.34) -1.08
.29
-.31 (1.75) -1.49
.15
-.40 (.05) -2.51
.02*
-.35 (.00) -1.51
.14
.47 (.01) 2.75
.01**
.41 (.27)
.15
3.05 (7, 31), p=.02*
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Table 13. Hierarchical Regression Analyses between GMV of Right Putamen and Externalizing
Measures
Right Putamen
Aggression
Sex
Race
Age
Puberty
IQ
Whole Brain GMV
Right Putamen
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.09 (2.53)
.32 .75
.21 (.41)
1.12
.27
-.19 (1.02) -.90 .37
-.18 (1.33) -.78 .41
-.37 (.04) -2.07 .05*
-.09 (.00) -.40 .69
---.24 (.08)
.24
.79 (6, 32), p=.20

β (SE)
t
p-value
.23 (2.42)
.86
.40
.17 (.39)
.93
.36
-.28 (.97) -1.44
.16
-.24 (1.25) -1.10
.28
-.43 (.03) -2.56
.02*
-.41 (.00) -1.61
.12
.53 (.01) 2.39
.02*
.35 (.20)
.11
2.33 (7, 31), p=.05*

Delinquency
Sex
Race
Age
Puberty
IQ
Whole Brain GMV
Right Putamen
R2 (adj R2)
ΔR2
ΔF (df), p

β (SE)
t
p-value
.13 (1.36)
.50
.62
.19 (.23)
1.06 .30
-.19 (.56)
-.95 .35
-.38 (.73) -1.70 .10
-.40 (.02) -2.35 .03*
-.01 (.00) -.02 .99
---.29 (.15)
.29
.06 (6, 32), p=.08

β (SE)
t
p-value
.21 (1.39)
.81
.43
.16 (.22)
.91
.37
-.25 (.56) -1.24
.23
-.42 (.72) -1.88
.07
-.44 (.02) -2.59
.02*
-.20 (.00)
-.77
.45
.33 (.01)
1.45
.16
.33 (.18)
.04
2.20 (7, 31), p=.06

Externalizing
β (SE)
t
p-value
Sex
.11 (3.64)
.41
.68
Race
.22 (.59) 1.18
.25
Age
-.20 (1.47) -.99
.33
Puberty
-.27 (1.91) -1.19
.25
IQ
-.40 (.05) -2.33
.03*
Whole Brain GMV
-.06 (.00) -.28
.78
Right Putamen
---R2 (adj R2)
.26 (.13)
ΔR2
.26
ΔF (df), p
.62 (6, 32), p=.11
** Significant at the .01 level; * Significant at the .05 level

β (SE)
t
p-value
.23 (3.52)
.91
.37
.18 (.56)
1.00
.32
-.29 (1.41) -1.48
.15
-.32 (1.82) -1.50
.14
-.46 (.05) -2.78
.01*
-.35 (.00) -1.40
.17
.49 (.01) 2.21
.03*
.36 (.22)
.10
2.53 (7, 31), p=.04*
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Figures 6a and 6b. Association between caudate GMV in the caudate and externalizing behavior
(top: left caudate, bottom: right caudate).
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Figure 7. Association between GMV in the right putamen with externalizing total.
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Figures 8a and 8b. Association between GMV in the caudate with aggression scores (top: left
caudate, bottom: right caudate).
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Figures 9a and 9b. Association between GMV in putamen with aggression scores (top: left
putamen, bottom: right putamen).
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Figure 10. Association between GMV in the right caudate with delinquency.
Aim 2b. To determine if CU traits are associated with altered GMV in the caudate,
putamen, and amygdala.
CU measures and brain volumes
Callousness was significantly negatively associated with GMV in the left amygdala, after
controlling for all covariates, β = -.49, t(31) = 2.10, p < .05, see Figure 11. The hierarchical
regression results are presented in Table 10. No other significant associations between CU
measures and GMV were found.
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Figure 11. Association between left amygdala GMV and callousness.
Table 14. Hierarchical Regression Analysis between GMV of Left Amygdala and Callousness.
Left Amygdala
Callousness
β (SE)
t
p-value
β (SE)
t
p-value
Sex
-.05 (2.02) -.16
.88
-.22 (2.00) -.74
.46
Race
.09 (.33)
.45
.65
-.07 (.31)
-.37
.71
Age
-.22 (.81)
-.99 .33
-.29 (.78)
-1.36
.18
Puberty
-.10 (1.06) -.42 .66
-.16 (1.02)
-.67
.51
IQ
-.25 (.03) -1.32 .20
-.22 (.03) -1.24
.23
Whole Brain GMV
-.04 (.00) -.17
.87
.15 (.00)
.57
.57
Left Amygdala
----.49 (.01) -2.10
.04*
R2 (adj R2)
.12 (-.05)
.23 (.05)
ΔR2
.12
.11
ΔF (df), p
.60 (6, 32), p=.66
1.29 (7, 31), p=.29
** Significant at the .01 level; * Significant at the .05 level

Discussion
Aim 2 evaluated the structural neural correlates of in relation to externalizing behavior
and CU traits. Our results provide further support for the theory that externalizing behavior and
CU traits may be associated with altered structure in brain regions related to reward and
punishment processing.
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Aim 2a: To determine if externalizing behaviors are associated with reduced GMV
in the caudate, putamen, and amygdala.
Our findings suggest that increased GMV in the caudate and putamen are associated
with externalizing tendencies, though after an individual scoring high on externalizing behavior
was excluded from the analysis, only the associations with the putamen remained significant.
We also found that increased GMV in the amygdala was associated with the callousness
dimension of CU traits. Overall, this was inconsistent with our hypothesis that there would be
reduced GMV in those regions in relation to externalizing behaviors. Instead, we found positive
associations between caudate and putamen volumes and total externalizing behavior. Aggressive
behaviors were also positively associated with caudate and putamen volumes, whereas
delinquent behaviors were only positively associated with the right caudate. In contrast to
previous literature that reported reduced GMV in antisocial populations (e.g., Laakso et al.,
2002; Raine et al., 2000; Yang et al., 2005), our findings seem to indicate the opposite:
increased GMV was observed in those with higher externalizing tendencies. Interestingly,
increased GMV in the putamen has been found in individuals with autism spectrum disorder
(ASD) (Sato et al., 2014). ASD and ASPD share hallmark characteristics such as empathetic
deficits and difficulties navigating social situations (Hansman-Wijnands & Hummelen, 2006),
While there have not been reports of increased volume in antisocial individuals, others have
acknowledged the relationship between antisociality and volume in the subcortical regions are
more complicated (Yang, Glenn, & Raine, 2008).
Aim 2b: To determine if CU traits are associated with either increased or reduced
GMV in the caudate, putamen, and amygdala.
There was partial support for our hypothesis for Aim 2; GMV in the left amygdala was
negatively associated with the callousness subscale of the ICU. We were unable to find any other
significant associations for total CU traits or the other subscales. There have been similar
reports of decreased GMV in the amygdala of psychopathic individuals (e.g., Yang et al., 2010).
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Lower amygdala volumes in men have been found to be associated with psychopathic traits
(Pardini, Raine, Erickson, & Loeber, 2014). Though others have found findings in the opposite
direction, for example, Glenn et al. (2010) found increased striatum volume in those with
psychopathy and De Brito et al. (2009) found higher GMV in the medial OFC and ACC in boys
with CU traits and conduct problems. More work is warranted to elucidate these relationships.
In summary, altered GMV in regions implicated in reward and punishment processing
appear, specifically, the caudate, putamen, and amygdala, is associated with externalizing and
CU tendencies. More specifically, we found that increased GMV in the caudate, putamen, and
amygdala is associated with externalizing behaviors, and decreased GMV in the left amygdala is
associated with callousness. Limitations of this study include the use of a small community
sample that had relatively normative levels of externalizing behaviors (mean = 5.48, SD = 6.44),
which might partially explain why we did not observe GMV reductions like in previous studies
on non-healthy externalizing populations. There was one individual in the sample who was an
outlier on externalizing behavior, with a score of 35, which was >3 SD above the sample mean
(mean = 5.48). I opted to keep the individual in the analyses because it is important to take high
scoring participants into consideration since a major focus of this project is to understand the
etiological basis of externalizing and CU tendencies. Clinical and criminal samples typically
report ranges of 18.92 to 27.2 for externalizing behavior (Bögels, Hoogstad, van Dun, de
Schutter, & Restifo, 2008; Bjork et al., 2010; Schaeffer et al., 2014) and 23 to 41 (Kimonis et al.,
2008, 2013; White et al., 2013) for CU traits. Much like in Aim 1, in Aim 2 we found support that
neural correlates appear implicated in externalizing/CU outcomes.
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Chapter 5.3: Aim 3
The objective of Aim 3 was to determine if environmental factors in early life can a)
predict externalizing and CU outcomes, and b) altered brain function and structure in regions
involved in reward and punishment processing, in a non-clinical, non-incarcerated sample of
adolescents. Using caregiver-reported assessments, we examined the relationship between
social adversity or prenatal maternal stress and externalizing/CU outcomes, as well as structural
and functional alterations in the brain (e.g., gray matter volumes (GMV) and neural responsivity
during reward and punishment processing) via data from fMRI and sMRI scans.
Aim 3a. To determine if 1) social adversity or 2) prenatal maternal stress) are
associated with externalizing behavior and CU traits.
Hypothesis 3a1. Social adversity would be positively associated with most
externalizing and CU measures.
Hypothesis 3a2. Prenatal maternal stress would be positively associated with most
externalizing and CU measures.
Aim 3b. To determine if 1) social adversity or 2) prenatal maternal stress) associated
with altered neural responsivity (activity in the VST and amygdala during reward and
punishment processing) and neural structure (GMV in the amygdala, caudate, and putamen).
Hypothesis 3b1. Social adversity would be positively associated with reward-related
processes and negatively associated with punishment-related processes in the VST and
amygdala. Social adversity would also be related to GMV alterations in the caudate, putamen,
and amygdala, with no direction-specific predictions.
Hypothesis 3b2. Prenatal maternal stress would be positively associated with rewardrelated processes and negatively associated with punishment-related processes in the VST and
amygdala. Prenatal maternal stress would also be positively associated with GMV in the caudate
and putamen, and associated with GMV in the amygdala, but with no direction-specific
prediction.
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Statistical analyses
First, descriptive statistics were conducted on the key variables (e.g., social adversity and
prenatal maternal stress) among the two study datasets (e.g., fMRI and sMRI, Tables 1 and 7,
respectively). Pearson’s correlations were conducted to investigate the relationship between the
environmental variables, behavioral and personality outcomes, and brain correlates (Table 2).
Second, hierarchical regression models were run to model the impact of social adversity
on 1) externalizing and CU outcomes, and 2) brain alterations. For Aim 3a, in the regression
analyses, the dependent variable was defined as either externalizing behavior or CU traits (and
their respective subscales). Age, race, sex, IQ, and pubertal status were added in Step 1 as
covariates, and social adversity was added in Step 2.
For the fMRI data regression analyses (Aim 3b), the focal contrast (reward or
punishment anticipation, reward or punishment feedback) activation of the focal ROI (e.g., VST,
amygdala) was defined as the dependent variable. Age, race, sex, IQ, pubertal status, and the
global mean signals for the focal contrast were entered as covariates in Step 1. In Step 2, the
focal environmental variable was added. For the sMRI data regression analyses (also Aim 3b),
the GMV of the focal ROI (e.g., amygdala, caudate, putamen) was defined as the dependent
variable. The same demographic covariates were entered plus the whole brain volumes in Step 1.
Social adversity was added in Step 2.
Next, analyses of covariance (ANCOVAs) were run to determine the effect of prenatal
maternal stress on 1) externalizing and CU outcomes, and 2) brain alterations. ANCOVA was
used instead of hierarchical regression because prenatal maternal stress scores in our samples
only ranged from 0-2. See Figure 11. For Aim 3a, the externalizing or CU outcome was entered
as the dependent variable, prenatal maternal stress was entered as the fixed factor, and sex,
race, age, puberty, and IQ were entered as covariates. For Aim 3b, the focal brain outcome was
entered as the dependent variable, prenatal maternal stress was entered as the fixed factor, and
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the same covariates were specified, plus the neural covariate (e.g., global signal or whole brain
volumes).

Figure 12. Distribution of Prenatal Maternal Stress scores in Aim 3.

Results
Descriptive Statistics and Pearson Correlations
Means for early adversity variables are presented in Table 10, along with correlations
among the adversity and externalizing/CU outcomes and key brain variables in Table 2. Neither
prenatal maternal stress nor social adversity were correlated with any of the outcome measures.
Most externalizing and CU measures were positively correlated with one another.
Unsurprisingly, a majority of the brain variables were significantly correlated with one another.
No significant correlations were found between social adversity or prenatal maternal stress and
brain measures. Although prenatal maternal stress did appear to correlate, albeit negligible and
non-significant, positively with structural and negatively with functional brain correlates.
Hierarchical Regression Analysis
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Aim 3a1. To determine if social adversity is associated with externalizing behavior
and CU traits.
No significant associations were found for social adversity with any of the externalizing
or CU outcome measures.
Aim 3b1. To determine if social adversity is associated with altered neural
function (responsivity in the VST and amygdala during reward and punishment
processing) and structure (GMV in the amygdala, caudate, and putamen)?
No significant associations were found for social adversity with any of the functional or
structural brain outcomes.
Analysis of Covariance
Aim 3a2. To determine if prenatal maternal stress is associated with externalizing
behavior and CU traits.
There was a marginal effect of prenatal maternal stress on unemotional traits, F(2, 25) =
2.86, p = .08. Bonferroni pairwise comparisons revealed that the low and high stress group had
a marginally significant difference (mean difference = 5.62, p = .08). See Figure 12. No other
significant effects were found.
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Figure 13. Marginally significant effect of prenatal maternal stress on unemotional traits.
Aim 3b2. To determine if prenatal maternal stress is associated with altered neural
function (responsivity in the VST and amygdala during reward and punishment
processing) and structure (GMV in the amygdala, caudate, and putamen).
There were no significant effects of prenatal maternal stress on any of the functional or
structural brain outcomes.

Discussion
In Aim 3, we examined whether environmental variables could predict externalizing and
CU outcomes, as well as functional and structural brain alterations. We were able to provide
preliminary support that prenatal maternal stress is related to unemotional traits.
Aim 3a: To determine if 1) social adversity or 2) prenatal maternal stress is
associated with externalizing and CU outcomes.
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Partially consistent with our hypothesis, we found a marginally significant effect of
prenatal maternal stress on unemotional traits. However, we could not replicate the finding for
the other CU subscales and externalizing behaviors. Social adversity was also not significantly
related to any of the externalizing or CU outcomes. Although prior research has indicated the
two as predictors, our study population scored on the lower-end with >60% scoring 0 on
prenatal maternal stress and >23% scoring 1 or less on social adversity. It is possible that this in
combination with a small sample contributed to difficulty in detecting an effect.
Aim 3b: To determine if 1) social adversity or 2) prenatal maternal stress is
associated with altered brain function (reward and punishment processing in the
VST and amygdala) and structure (GMV in the caudate, putamen, and amygdala).
We were not able to provide support for our hypotheses for Aim 3b: no significant
associations were found between either of the environmental variables and brain measures.
Again, the lack of results may be due to our sample’s lack of exposure to high levels of these
environmental risks. Additionally, social adversity was measured when the children were 8- to
10- years old, which may not have been reflective of adversity experienced earlier on in life due
to recall bias or errors. Generally, the brain imaging literature in this area has reported that
earlier exposure to more severe environments (e.g., maltreatment, institutionalization) be
predictive of neural alterations (Tomalski & Johnson, 2010). Moreover, prenatal maternal stress
was retrospectively recalled 8- to 10-years after the birth of the child, introducing the possibility
of reporting inaccuracies.
To summarize, we were unable to demonstrate that social adversity predicted any of the
externalizing/CU measures or brain alterations related to reward and punishment processing.
We did, however, find prenatal maternal stress was related to unemotional traits (albeit only
marginally significant). Although we did not find any effects of the environment on brain
correlates, no other research studies to date have examined functional brain imaging in relation
to subjective prenatal maternal stress, so we approached our hypotheses as exploratory.
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Furthermore, we could not replicate previous work that found prenatal maternal stress was
associated with increases in GMV in the amygdala (Buss et al., 2012). It is worth noting that
previous studies measured stress via cortisol, which we did not capture here. The lack of
significant main effects might indicate that more complex relationships are at play. I attempt to
evaluate this in Aim 4, where we approach the research question using a biosocial perspective.
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Chapter 5.4: Aim 4
Our objective for Aim 4 was to determine if a) social adversity or b) prenatal maternal
stress interacted with functional and structural brain alterations to predict externalizing and CU
outcomes in a non-clinical, non-incarcerated sample of adolescents. Using brain imaging
methods (fMRI and sMRI) and caregiver-reported assessments, we investigated the joint
contribution of neurobiological and environmental risk factors on externalizing and CU
outcomes.
Aim 4a. To determine if social adversity combines with 1) functional and 2) structural neural
alterations to predict externalizing behavior and CU traits.
Hypothesis 4a1. High social adversity combined with neural hyper-reactivity to reward or
neural hypo-reactivity to punishment would predict higher levels of externalizing behavior and
CU traits.
Hypothesis 4a2. High social adversity combined with altered GMV in the regions of interest
would predict higher levels of externalizing behavior and CU traits.
Aim 4b. To determine if prenatal maternal stress combines with 1) functional and 2) structural
neural alterations to predict externalizing behavior and CU traits.
Hypothesis 4b1. High prenatal maternal stress combined with neural hyper-reactivity to
reward or neural hypo-reactivity to punishment would predict higher levels of externalizing
behavior and CU traits.
Hypothesis 4b2. High prenatal maternal stress combined with altered GMV in the regions of
interest would predict higher levels of externalizing behavior and CU traits.

Statistical analyses
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Descriptive statistics and Pearson’s correlations were conducted on the key variables
(e.g., social adversity and prenatal maternal stress) along with all the brain variables (e.g., fMRI
and sMRI data). See Table 2.
Hierarchical regression models were run to examine the interaction effects of neural
alterations and environmental variables on externalizing and CU outcomes. For Aim 4, all
variables put into the subsequent regression model were mean-centered. Age, race, sex, IQ,
pubertal status were added in Step 1 as covariates. In Step 2, the focal brain variable (e.g., neural
responsivity during reward or punishment in the VST or amygdala; GMV in the caudate,
putamen, or amygdala) and the focal environmental variable (e.g., social adversity or prenatal
stress) were added. In Step 3, the brain*environment term was added.
Simple slopes would be conducted on significant interactions to further probe the
interaction by testing the conditional levels of environmental risk (one SD below and one SD
above the mean) on the relationship between brain alterations and externalizing and CU
outcomes. We would calculate predicted values of the outcome measures based on the equations
obtained from the hierarchical regression models (e.g., ŷ = β1X + β2Z + β3X*Z + β0) and
inserting values of the environmental risk +/- 1SD to obtain predicted values.

Results
Hierarchical Regression Analysis
Aim 4a. To determine if social adversity combines with structural and functional
neural alterations to predict externalizing behavior and CU traits.
There was a significant interaction between social adversity and right amygdala
activation during punishment anticipation, β = -.39, t(23) = -2.53, p < .05, on delinquency.
Social adversity also interacted with and left amygdala response during reward receipt on total
CU, β = .40, t(26) = 2.19, p < .05, and on uncaring traits, β = .39, t(26) = 2.27, p < .05. Social
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adversity did not interact with any structural brain variables, and no other significant
interaction effects were found.
Aim 4b. To determine if prenatal maternal stress combine with structural and
functional neural alterations to predict externalizing behavior and CU traits?
There was a significant interaction between prenatal maternal stress and left VST
activation during reward anticipation, β = -.42, t(23) = -2.09, p < .05, and punishment
anticipation, β = -.39, t(23) = -2.24, p < .05, on CU total scores. Prenatal maternal stress did not
interact with any structural brain variables, and no other significant interaction effects were
found.
Simple Slopes Analysis: Probing the nature of the interaction
Significant interaction effects were plotted using simple slopes, where the environmental
variable was the moderator. For the social adversity analyses, delinquency was associated with
right amygdala activation during punishment anticipation under high, β = -.46, t(23) = -2.53, p
< .05 and low social adversity, β = -1.15, t(23) = -2.53, p < .05. See Figure 14. Left amygdala
activation during reward feedback was associated with CU traits under high, β = .47, t(23) =
2.19, p < .05, and low adversity, β = 1.22, t(23) = 2.19, p < .05. A similar pattern of results was
found for uncaring traits under high, β = .47, t(23) = 2.27, p < .05 and low adversity, β = 1.21,
t(23) = 2.27, p < .05. See Figures 15-16. For prenatal maternal stress, CU traits and left VST
activation during reward anticipation were associated under the condition of high prenatal
maternal stress, β = -1.04, t(23) = -2.09, p < .05, but not low prenatal maternal stress. See
Figure 17. CU traits and left VST activation during punishment anticipation were associated
under the condition of high, β = -.93, t(23) = -2.13, p < .05, and low prenatal maternal stress, β
= -.78, t(23) = -2.13, p < .05. See Figure 18.
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Figure 14. Interaction between social adversity and punishment anticipation-related activation
in the right amygdala in predicting delinquency.
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Figures 15 and 16. Interaction between social adversity and reward feedback-related activation
in the left amygdala in predicting CU outcomes (top: CU total, bottom:uncaring traits).
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Figure 17. Interaction between prenatal stress and reward anticipation-related activation in the
left VST in predicting CU traits.
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Figure 18. Interaction between prenatal stress and punishment anticipation-related activation
in the left VST in predicting CU traits.

Discussion
In Aim 4, we examined whether we predict externalizing and CU outcomes from the
combination of environmental and brain risks. We were able to provide preliminary support
that that biosocial interactions could be useful in the prediction of externalizing and CU
tendencies in youth.
Aim 4a: To determine if social adversity combines with structural and functional
neural alterations to predict externalizing behavior and CU traits.
Partially consistent with our hypotheses, we found that social adversity did interact with
function brain alterations to predict delinquent behaviors, uncaring traits, and CU total traits.
More specifically, those who had high social adversity combined with less neural activation in
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the right amygdala during punishment anticipation had the highest levels of delinquency. This is
in line with the hyposensitivity to punishment theory. We also found that high social adversity
individuals who also had greater levels of left amygdala response during the receipt of reward
were higher scoring on uncaring and total CU traits. This is consistent with the hypersensitivity
to reward theory. We could not replicate any interaction effects for the structural brain
variables.
Aim 4b: To determine if prenatal stress combines with structural and functional
neural alterations to predict externalizing behavior and CU traits.
Our findings did support the hypothesis that the combination of high prenatal stress and
lower punishment-related neural responsivity would predict higher levels of CU traits. Those
with high levels of prenatal stress combined with less punishment anticipation-related
activation in the left VST had the highest levels of CU traits. Contrary to our hypothesis that high
prenatal stress would combine with greater reward-related neural response, we instead found
that those with high prenatal stress and less reward anticipation-related in the left VST response
had the highest levels of CU traits.
Overall, we observed that environmental and neurobiological factors did indeed combine
to predict components of externalizing behavior and CU traits, providing support for a biosocial
bases to their development. We were able to illustrate that individuals from high-risk
environments who also had aberrant neural responsivity to reward or punishment were more
likely to have elevated levels of externalizing behaviors and CU traits. This is largely in line with
our previous work that found prenatal maternal stress interacted with a biological risk factor
(e.g., deficient autonomic arousal) to predict more behavioral problems. This is, however, the
first experiment to evaluate neural correlates in conjunction with environmental risk factors to
understand the etiology of antisociality and psychopathy. As such, they only provide preliminary
insight and future work is needed to replicate these relationships.
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Chapter 6: General Discussion
Table 15. Summary of key findings from Aims 1-4.
Functional (Aim 1) and structural Aim 2) brain correlates
There was evidence for suboptimal neural responding to reward anticipation:
● Decreased right VST response during reward anticipation was associated with callousness and
externalizing total scores.
●

Decreased right amygdala response during reward anticipation was associated with CU total
scores.

●

No significant results were found for reward feedback.

Punishment processing was not associated with externalizing or CU tendencies.
• There were no significant associations between neural response during punishment
anticipation and feedback with externalizing/CU outcomes.
Increased GMV in regions relevant to reward and punishment-processing are linked to
externalizing, while reduced GMV is associated with callousness:
● Higher GMV in the bilateral putamen were associated with externalizing total scores and
aggression.
●

Lower GMV in the left amygdala was associated with callousness.

The influence of environmental risks factors (Aim 3)
There was preliminary evidence that prenatal maternal stress is linked to
unemotionality:
● There was a marginally significant effect of prenatal maternal stress on unemotional traits:
those with higher levels of maternal stress had higher subscale scores.
Neither social adversity nor prenatal maternal stress could predict neural alterations:
● There were no significant effects of social adversity or prenatal maternal stress on functional or
structural brain alterations.
Brain x Environment Interactions (Aim 4)
Social adversity combines with functional alterations to predict externalizing/CU
outcomes:
● High levels of social adversity in combination with reward hyper-sensitivity in the left amygdala
was associated with higher CU total and uncaring traits.
●

High levels of social adversity in combination with punishment hypo-sensitivity in the right
amygdala was associated with more delinquency.

Prenatal maternal stress combines with functional alterations to predict
externalizing/CU outcomes:
● Higher prenatal maternal stress in combination with reward hypo-sensitivity in the left VST
was associated with higher CU traits.
●

Higher prenatal maternal stress in combination with punishment hypo-sensitivity in the left
VST was associated with higher CU traits.
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In the previous chapters, we investigated the etiology of externalizing behavior and CU
traits. While neural deficits have been well-documented in criminal and clinical adult
populations, work on populations of non-clinical, non-incarcerated youth has received less
attention. Even less well understood are the neural correlates that underlie reward and
punishment-processing as they relate to antisociality and psychopathy. Aim 1 addressed this gap
in knowledge and we were able to link neural alterations to externalizing and CU outcomes. Our
findings provided support for theory that individuals with antisocial and psychopathic
tendencies have suboptimal neural response to reward processing, such that we found evidence
that decreased neural response in the VST and amygdala during reward anticipation were linked
to externalizing/CU outcomes. These results are largely in line with a previous study that found
reduced VST responsivity during reward anticipation in relation to antisocial behavior (Murray
et al., 2017), but were inconsistent with other literature and our pilot work that supported the
hypersensitivity to reward hypothesis (Bjork et al., 2010; Hawes et al., 2020; Huang et al.,
2019). One possible explanation for reduced neural response during reward processing is
maladaptive reward-seeking behavior (Beck et al., 2009), wherein indivisuals with
externalizing/CU tendencies might only be motivated by intense rewards. We were also unable
to find support for the hyposensitivity to punishment hypothesis in Aim 1. However, a different
research study also failed to do so (e.g., Byrd et al., 2018). To address the inconsistency with our
own pilot work, which did report positive associations between reward anticipation-related VST
response and CU traits as well as an association between externalizing behavior and punishment
feedback (Huang et al., 2019) we re-ran the analysis on the subsample (n = 9) that also
participated in the pilot, but failed to find any significant results either. This was possibly due to
a small amount of sample overlap, lack of power, and also since two year’s time had passed
between the pilot and current study, developmental changes or other external factors could have
been at play.

79

Aim 2 tackled the question of whether structural brain alterations underlie externalizing
and CU outcomes. We found significant associations with GMV in the caudate, putamen, and
amygdala with various externalizing and CU outcomes. While we originally expected to find that
reductions in GMV would be associated with externalizing/CU outcomes, based on previous
work. Instead we found that greater GMV in the putamen (part of the striatum) was associated
with greater externalizing behavior and aggression. However, we did have partial support for
Hypothesis 2b: reduced GMV in the left amygdala was associated with callousness traits. While
there is a body of literature that has reported volumetric reductions to be characteristic of
antisocial and psychopathic populations (Laakso et al., 2002; Pardini et al., 2014; Raine et al.,
2000; Yang et al., 2005), there have been a few studies that describe increases including GMV in
the medial OFC and ACC of boys with conduct problems (De Brito et al., 2009), and in the
striatum of psychopaths (Glenn et al., 2009). More work is needed to further tease out the
directionality of the effect.
From the psychosocial perspective, environmental factors have also been implicated in
development of antisocial behavior and psychopathic traits. Most work has emphasized the
effects of severe risks such as abuse, maltreatment, and institutionalization (Tomalski &
Johnson, 2010), though some have been reported on the impact of deprivation to a lesser degree
such as adverse living conditions, financial disadvantage, and family problems (Fagan et al.,
2017; Green et al., 2010). In the recent years, the impact of prenatal maternal stress has also
garnered increased attention because of its potential to influence neurodevelopment in utero
and impart lasting effects on the child (Bergman et al. 2010; Challis et al. 2001; Matthews 2000;
Werner et al. 2013). Although severe prenatal factors such as low birth weight, malnutrition, and
birth complications have long been considered risks for antisocial and psychopathic tendencies
(Blair, Peschardt, Budhani, Mitchell, & Pine, 2006; Liu, 2004; Neugebauer, Hoek, & Susser,
1999), emerging evidence suggests that subjective prenatal psychosocial stress could also be a
predictor of these adverse outcomes (Mäki et al. 2003; van den Bergh & Marcoen, 2004).
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In Aim 3, we were unable to replicate these previous findings. Neither social adversity
nor prenatal maternal stress were significantly associated with externalizing and CU outcomes.
However, there was a marginally significant (p = .08) effect of prenatal maternal stress on
unemotional traits, where those with the highest levels of prenatal maternal stress had higher
unemotionality than unexposed children. Relatedly, we also examined whether social adversity
and prenatal maternal stress were associated with neural alterations. There have been reports
that exposure to adversity is linked to GMV reductions in the amygdala (Tomalski & Johnson,
2010; Triplett et al., 2021), and that exposure prenatal maternal stress hormones were related to
increased amygdala volume (Buss et al., 2012). In Aim 3, we did not find any associations
between the two with any of the functional or structural brain outcomes that we measured. It is
worth noting that environmental risk scores in our sample were on the relatively lower end, with
the majority of participants scoring 0 on prenatal maternal stress and nearly a quarter scoring 1
or less on social adversity, which could have contributed to the failure to detect any effect.
In Aim 4, we approached predicting externalizing and CU outcomes using a biosocial
perspective. Our core research question was whether the combination of neural alterations and
exposure to environmental risks was associated with more externalizing behavior and CU traits.
We found that high social adversity in conjunction with higher levels of reward anticipationrelated response in the left amygdala predicted higher levels of uncaring and total CU traits. We
also found high social adversity in combination with lower levels of punishment anticipationrelated response in the right amygdala predicted higher levels of delinquency. Interestingly,
higher prenatal maternal stress combined with both lower reward and punishment anticipationrelated anticipation response in the left VST was found to predict higher total CU traits.

Limitations
In the current study, one of our goals was to generalize findings from previous literature
to a non-clinical, non-incarcerated population of adolescents. As such, we acknowledge one of
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the limitations of using such a population would be overall lower levels of antisocial behavior
and psychopathic traits. In fact, we only had 1 individual scoring high on externalizing behavior
at ≥3 SD of the mean, and no such individuals for CU total traits. Having a sample with more
individuals scoring higher on these measures may have led to less null findings or strengthened
the associations of our existing findings. Our use of a community sample could also be
considered a strength because of prior emphasis on clinical and incarcerated samples. Another
limitation is the design of the MID task. Because the MID has more trials for anticipation than
feedback, this may have contributed to less statistical power to detect feedback-related effects.
Moreover, the MID task has been predominantly used to assess reward processing and much
less for punishment processing (Oldham et al., 2018). This may make it less sensitive to
punishment and could contribute to the failure to find punishment-related alterations in Aim 1.
I also acknowledge limitations with our environmental risk measures. First, the social adversity
survey was conducted when the children were 8- to 10- years old and only captured crosssectional pieces of information, without any knowledge of whether these challenges persisted
throughout childhood and for how long. The prenatal maternal stress was also collected at the
same time via retrospective recollection, which could introduce issues with data accuracy, and
may not be as reliable as a more objective measure of stress such as cortisol levels. These factors
along with a small sample size that had lower base environmental risk scores may have limited
our ability to detect any significant effects. Lastly, the experimental design meant that the
temporal order of brain versus behavior could not be determined. Research from other
disciplines has indicated that brain and behavioral development are a reciprocal process: brain
activity can shape behavioral change, but behavioral change can also shape brain activity (Geng,
Botdorf, & Riggings, 2021). Assessing which came first was not possible in this study because of
the brain and behavior measures were collected at the same time point.
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Conclusions and Future Directions
This dissertation summarizes findings that add new knowledge to the etiological basis of
antisocial behavior and psychopathic traits. We were able to provide additional support that
suboptimal neural processing of reward, specifically reduced neural response in the VST and
amygdala during reward anticipation, is implicated in externalizing/CU outcomes. Our sMRI
findings also revealed that structural alterations in the striatum (caudate/putamen) and
amygdala were linked to externalizing behavior and callousness. While I could not find
statistically significant effects of social adversity and prenatal maternal stress, we did find
evidence that their combination with functional neural correlates predicted externalizing and
CU outcomes. These biosocial interaction findings reinforced the importance of considering
both neurobiological and environmental risks.
To my knowledge, this study was the first to incorporate environmental correlates with
neuroimaging data in understanding the development of antisocial behavior and psychopathic
traits. Future studies may want to consider the caveats of our study and capture a large sample
size with a greater range of externalizing behavior, psychopathy scores, and those who were
exposed to higher levels of environmental risk. It could also be valuable to evaluate other brain
regions of interest that we did not assess but have been documented to be involved in reward
and punishment-processing like the OFC, insula, or ACC (Oldham et al., 2018; Wrase et al.,
2007). Another potential consideration is the use of social, rather than monetary, reward in an
adolescent population. Adolescents have been found to be more responsive to social rewards
than children and adults (Wang, Liu, & Shi, 2020). In terms of structural results, this study was
also among the few that found a positive association between volumes of the caudate, putamen,
and amygdala with externalizing and callousness traits. It was also the only one to report that
environmental correlates like social adversity and prenatal maternal stress moderated the
relationship between functional neural alterations and externalizing and psychopathic
tendencies. However, more research is warranted to replicate our findings and further our
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understanding of antisociality and psychopathy. Future work may also consider the use of latent
variables to capture the variety of neurobiological and environmental factors that play a role.
For example, a variety of neurobiological risks (e.g., psychophysiological deficits, genetics),
outside of brain imagine measures, have been linked to externalizing/CU tendencies (Byrd &
Manuck, 2014; Fanti et al., 2022). Similarly, environmental variables beyond social adversity
and prenatal maternal stress such as familial factors like sibling influence (Mishra, 2018) and
maladjusted parenting (Baskin-Sommers, 2016) are also risks. Capturing a wider array of
contributing factors could help paint a more holistic picture of the etiology of externalizing/CU
tendencies.
Understanding that individuals with elevated levels of externalizing and CU tendencies
during childhood may be neurologically more reactive to reward versus punishment could be
helpful for families and educators to know when to intervene to modify behavior. It is our hope
that the knowledge generated from this study and others in the future can inform families to
tune in their concerns over certain risks, such as social adversity and for mothers to reduce
maternal stress during pregnancy, as they may contribute to the development of externalizing
behavior and psychopathic traits in their child offspring.
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APPENDIX

Supplementary Figure 1. Association between reward anticipation-related right VST activation
and externalizing behavior after exclusion of externalizing outlier.
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Supplementary Figure 2a and 2b. Association between putamen GMV and externalizing
behavior after exclusion of externalizing outlier (top: left putamen, bottom: right putamen).
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Supplementary Figure 3a and 3b. Association between putamen GMV and aggression scores
after exclusion of externalizing outlier (top: left putamen, bottom: right putamen).
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